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PREFACE 


An adequate treatment of the subject of modern physical chemistry for 
the advanced student is a difficult task for any one person. The ever-widening 
scope of the subject, its exten.^ion into domains which, even a decade ago, 
were as yet unknown or unexplored, demand qualities of broad scholarship on 
the part of an author which are largely incompatible with the call for specialized 
endeavor in other phases of his work. The present treatise on physical 
chemistry represents, therefore, a cooperative effort on the part of a number of 
physical chemists to cover generally the major portions of their science by 
contributions in those portions of the subject which their particular inclina- 
tions have led them more especially to study and to which they themselves 
may have contributed by their own effort and research. It is hoi)ed that, in 
this way, a more authoritative treatment of the several branches of the subject 
may have been achieved; perhaps, also, a fresher exposition of the subject in 
its various phases may have been realized. Through codperation, it should 
have been possible to secure a more up-to-date record of the present status of 
the science, since the time consumed in the preparation of such a treatise can 
obviously be reduced beyond the limits which must be demanded by a single 
author. Furthermore, where labor is shared a more fre(pie?it revision can be 
more easily achieved. 

Cooperation in the present undertaking has been fn'ely and generously 
given. The editor wishes to express, therefore, his gratitude for such assistance. 
The responsibility for the plan of the book must rest with him, since his con- 
tributors have, in the main, acceded to his recpiests as to the general trend of 
their contributions. It will be generally recognized that a new era in physical 
chemistry is upon us. The science of a dectide ago is utterly inadequate to 
present-day demands. The atom is no longer a philosophical concept but a 
concrete reality, no longer however “atomic” or indivisible. I'hiergy is con- 
sidered less and less as a continuum, more and more in units or (pianta. The 
contributions of thermodynamics, of st.-itistical averages, are, more and more, 
being supplemented by studies of the individual. The classical tradition of 
physical chemistry was the study of the individual from the behavior of the 
crowd. Are there not signs that the behavior of the crowd can be deduced 
from the study of the individual? It is with such thoughts in mind that the 
plan of the book took shape. Atomistics and kinetics must supplement the 
general conclusions of statistical and thermodynamic research. The modern 
student must avail him.self alike of all the varied avenues of approach to the 
unexplored terrain. 

The book is addressed primarily to the advanced student in physical 
chemistry, to the research student desirous of learning the background to his 
problem and to the research man in industry who requires the theoretical 
treatment of his practical investigations. Actually, however, the book may 
have a wider appeal. As divided into two volumes, the work appears to meet 
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the demand for a graduated text in physical chemistry. The material of the 
first volume represents that portion of the subject of theoretical chemistry that 
can with advantage be addressed to the first year student of physical chemistry 
who plans to continue his studies beyond that year. It contains the main 
features of the classical era of physico-chemical development. The volume 
contains, it is true, a more detailed treatment of the subject than the average 
student will fully grasp in his first year of its study. It will not, however, be 
amiss for tlie serious student to find in his text somewhat more than will be 
discussed in his lectures and exercises. Stimulation to further effort may 
result. For all students who plan to take more than one year of work in 
physical cliemistiy, assimilation of the material of the first volume will repre- 
sent a very solid accomplishment and a sound basis for approach to the more 
modern aspects of the subject which find their treatment in the second volume. 
In the latter, the student is taken to the borderland of the sul)ject where active 
development is even now in i)rogr(‘ss. 

A cooperative text offers a fruitful field for the critic or reviewer anxious to 
locate the weaknesses of a text ratlu'r than its virtue's. To such i)eople it will 
be well to point out that an editorial survey has resulted in the discovery of 
many })laccs in the hook where dujdication occurs and even where apparently 
divergent views have found expression. Many of the.se have been carefully 
considered and discus.sed with c(tllaborators and C(tlleagues and hav<‘ Ik'cii 
allowed to remain. For, where divergent views are held, there is evkh'iitly 
something lacking in ab.solute truth of the matter discu.ssed. 8uch passage's 
may therefore be taken by the student as the signposts to further research and 
investigation. It is with the hope that these volumes may lead to a fulh'r 
investigation of the fundamental theoretical base.s upon which all the fine' 
structure of the modern scietjce of chemistry, aca<le!nic and ai)plied, has of 
necessity to stand that the labor involved in their jweparation lias been un- 
remittingly given. Other tasks and endeavors would, doubtle.ss, in many 
cases have been preferred. The editor gratefully a(‘knowledges the whoh'- 
heart('d cooperation of his contributors and the efforts which they have made to 
facilitate his work, not only in their own contributions but also in their dis- 
cussion of the efforts of others. In particular, an expre.ssion of gratitude is 
here made to Dr. T. J. Webb, of Princeton University, who po.sses.sed, in large 
measure, qualities of editorship which the editor himself lacks and who has 
perused, and criticized, with many valuable suggestions, all of the material 
included in these volumes. To my brother. Dr. H. Austin Taylor, who has 
shared generously in the labors of index and j)roof my thanks are also due. 
The efforts which the publisliers have put forth are revealed in the quality of 
the printing and the make-up of the book. But, beyoml this obvious coopera- 
tion, there is a wealth of effort in which their anxiety to surmount diffi- 
culties with generosity has been most conspicuous. For this they deserve 
especial thanks. 

Huoh S. Taylor. 

Princeton, N. J., 

July. 1924. 
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CHAPTER 1 


THE ATOMIC CONCEPT OF MATTER 

BY IIUCJII S. TAYLOR, D.Sc., 


Professor of Phy.s\(a} Chrmisin/, Pumcton rnn'trsihf, X. J, 

The inception of the modern eni in cheinicn! science may be attril)nte(i to 
the proposal of the atomic theory of chemical action In- .hdin Dalton in the 
first volume of his New System of (’iKunical Philosophy, ISOS. The scientific 
era in which the Daltonian concei)t was formulate<l was esju'cially favorable 
to its development. The theory of atomic coiistitution was no new theory. 
The Greek theory of atoms, due to Leucippus and handed down to us in the 
writings of Democritus, is the first of which we have record. Boyle included 
iiHiis conception of elementarv substances some notions of atomic constituents. 
Dalton himself was led bt tin' atondc theory by reason of his admiration of the 
Newtonian doctrine of the atomic constitution of maft(*r. 'J'he (pjaiititative 
era into which Dalton’s tlu'ory was born i)ro\ided llu' circumstances Jieces- 
sary and favorable to its growth. Tlie theory simjdilhMl a!id correlated much 
that the quantitative sjurit had disclosed and had not y('t explained. It 
provided the framework upon which was built the chemical philosoi>hy and 
the chemical research of the nineteenth century. 'Powards the close of the 
century it seemed as though the theory might give way to an ititerprelation 
of the science based upon energetics. But, in the new century it cimirged once 
more broadened and amplified by the discoveri(!s of sub-atojiiic phenomena. 

The atomic theory of Dalt(m postulated the existence of minute indivisi- 
ble particles or atoms, each of capial weight for tin* sanu' »‘lement, atoms of 
different elements, however, having different weights, ('onij)ounds were the 
result of union of dissimilar atoms the ratio of whose weights was proportional 
to their combining weights This fundamental idea of atoms having charac- 
teristic weights and combining to form chemical compounds at once illuminated 
the quantitative facts (»f chemical condnnation then known. They may be 
thus briefly summarized : 

(1) The Law of Definite Prupurlioris, oxiMTiineiiUiliy f)y Proust iti 1799. The 

elements which form a chemi<-al romiwiind are united in it in an invariable ratio by woiKht, 
which is characteristic of that compound. Proust’s analyses were made with oarlwnate of 
copper, artificial and natural, the two oxides of tin and the two .sulphifles of iron. Proust 
showed, in contradiction of claims put forward by Borlhollet on behalf of variable composition 
due to mass action, that when a metal combines with oxygen in more than one proportion 
there is no gradual increment of one clement but a sudden, per solium, increment. His analyti- 
cal work was not sufficiently accurate to establish the law of multiple proportions. 

(2) The Law of Multiple Projmlions, deduced from experimental work by Dalton and 
formulated by him in conformity with his ijreeoiiceived atomic theory. When an element 
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combines with another to form more than one compound the masses of the second element com- 
bining with a fixed mass of the first element bear a simple ratio to one another. The accurate 
analyses of Berzelius provided abundant evidence of the truth of this law which the less 
accurate efforts of Dalton produced. 

(3) The Law of Reciprocal Proportions, established by the experimental Vork of Richter 
(1792-1794). When two or more elements combine with a third in certain proportions they 
combine with each other in the same proportions or in multiples of these proportions. In his 
Ijook Stoichiometry of the Chemical Elements published in the above years this law of reciprocal 
Ijrojjortions is illustrated. 

The Law of Conservation of Mass., formulated by Lavoisier in 1774 upon 
the basis of experimental mea«iirement, states that the total mass of the 
reactants in a chemical reaction is equal to the total mass of the products of 
reaction. All these laws, quantitatively exact and experimentally verifiable, fit- 
ted admirably into the framework of chemical principles established by Dalton’s 
Atomic Theory. Further support was quickly forthcoming. Gay Lussac put 
forward in 1S08 his Law of Cotnhininy Volumes. When gases combine they do 
so in simple ratios by volumes, the volume of the gaseous product bearing a 
simple ratio to the volumes of the reactants when measured under the same 
conditions of temperature and prc.ssure. An attempt by Berzelius to interpret 
this law in terms of the atomic theory failed owing to a lack of understanding 
of the differences between atoms and molecules. Knowing, as a result of the 
earlier investigations of Gay Lussac, that many gases vary similarly when 
subjected to temperature, and, from the investigations of Boyle, to pressure 
changes, Berzelius suggested that equal volumes of different gases under like 
conditions of temperature and pressure contain the same number of atoms. 

Avogadro’s Hypothesis; The correct correlation of the atomic theory with 
the characteristics of ideal gases is due to Avogadro who propounded in 1811 
the Avogadro hypothesis. Though not accepted by the early proponents of 
the atomic theory and only commanding general adherence after the exposi- 
tion of the hypothesis some 47 years later by his fellow countryman the Italian 
scientist Cannizzaro, the hypothesis of Avogadro was a true exposition of the 
facts concerning gases. The hypothesis may be stated in the following terms: 
Fqual volumes of different gases under the same conditions of temperature 
and pressure contain the same number of molecules. The limitations of this 
hypothesis as regards actual gases and the many experimental methods which 
have now been developed actually to determine the number of molecules in a 
given volume of gas will be dealt with in appropriate portions of the following 
chapters. At this stage it will suffice to indicate the actual change introduced 
by the Avogadro hypothesis into the Daltonian concept of atoms and atomic 
combinations. On the Avogadro principle the atom became the smallest 
particle which can enter into chemical combination. The molecule became the 
smallest particle of matter which was capable of independent existence. This 
distinction clarified the^ known experimental facts. It explained for example 
how one molecule of hydrogen and one molecule of chlorine combined to form 
two molecules of hydrogen chloride. Each molecule of hydrogen and chlorine 
contained two atoms whereas the molecules of hydrogen chloride contained 
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an atom each of hydrogen and chlorine. It is perimps advisable to point out, 
now that the difficulties associated with the terms atom and molecule no longer 
exist, that the definition (rf the molecule given above lacks somewhat in rigor. 
For, we now know that, under proper conditions, not only molecules of diatomic 
gases such as hydrogen, chlorine and iodine may exist in the free state but that 
atoms may also so exist provided the conditions of temperature and pressure 
be suitably chosen. Under such conditions the molecule and the atom become 
identical. 

With the atomic theory as guide, Berzelius proceeded to the determination 
of atomic weights of a wide variety of elementary substances. The determina- 
tion involves two steps, (1) the measurement of the combining weight and (2) 
the finding of the ratio of combining weight to atomic weight. The former is 
an experimental operation generally involving some kind of quantitative an- 
alytical procedure as, for example, the determination of the quantities of 
potassium and chlorine in unit quantity of potassium chloride, of hydrogen ami 
oxygen in w'ater or of hydrogen and chlorine in hydrogen chloride. From such 
determinations the combining weights of oxygen, chlorine and potassium in 
terms of hydrogen as unity may be determined. The second step, however, 
involves a knowledge of the number of atoms which are combined in a com- 
pound with the reference element. Thus, to take an example of historic in- 
terest, the atomic weight of o.xygen relative to that of hydrogen as unity would 
be approximately 8 or 10 according as one or two hydrogen atoms combine 
with one atom of oxygen, the combining weight being 8. Jt is in the solution 
of this problem that the Avogadro hypothesis performed a most useful func- 
tion, delayed, however, by the non-recognition of the importance of the hypoth- 
esis until Cannizzaro’s demonstration of its utility in such connection. 
Until that demonstration was given, no general agreement as to atomic weights 
w^as possible, dilTercnt observers using different values which, however, were 
simple multiples of other values for the same element, according to the pre- 
conceived idea of the experimenter as to the atomic ratios prevailing in the 
compound analyzed. 

Dulong and Petit’s Law: Two further principles of great utility in deciding 
doubtful cases of atomic weight values were discovered and employed in the 
early years of the atomic theory. The one, the law of Jiulong and Petit was 
applicable to solid elementary substances. The law, formulated in 1810, 
states that the product of the atomic weight and the specific heat is approxi- 
mately 6 calories. It will be shown that this law is a limiting law applicable 
to all solid elements under specified conditions. Known exceptions, such as 
boron and carbon, which show low atomic heats at ordinary temperatures 
manifest at those temperatures a phenomenon common to all solid elements 
if the temperature chosen for the determination be sufficiently low. At higher 
temperatures, even these elements have atomic heats approximating those 
demanded by the law. Nevertheless, a sufficiently large number of elements 
obey the Dulong and Petit relation at ordinary temperatures as to make this 
principle of important assistance in deciding cases of doubt in reference to 
atomic weights deduced by other methods. 



4 


A TREATISE ON PHYSICAL CHEMISTRY 


Isomorphism: The second principle was of assistance in the study of the 
atomic weights of elements present in crystalline, compounds. In 1820 Mit- 
soherlich called attention to the practical identity of crystalline forms of the 
corresponding salts of phosphoric and arsenic acids. They crystallized with 
the same molecular quantities of water of crystallization and possessed the 
power of forming mixed crystals. As a result of such observations, Mitscher- 
lich concluded that analogous elements or groups of elements can replace one 
another in compounds without material alteration of crystalline form. Two 
compounds so related were termed Isomorphous and the phenomenon was 
given the name Isomorphism. The identity of form is not absolute. The 
distances Ixdvvcen atoms varies slightly in one compound from that in the 
compound of the next analogue. The.‘<e differences j)ersist even in the mixed 
crystal and result in di^^tortion of the crystal angles. The variation of inter- 
atomic distances and the distortion of the crystal angles become greater the 
more widely divergent are the analogous (dements. As a con.se(}uence, with 
the more widely divergent analogues, mixed crystals will not occur even though 
there is identity of crystal form between the compounds. Substances may 
crystallize in two or more distinct crystallographic systems having, neverthe- 
h‘ss, constant chemical comj)ositi()n. Such behavior is termed dimorphism. 
If isomorj)hism occur Ixdwecn the two forms severally of two such dimor})hous 
bodies the bodies are said to be isodimorphous, the phenomenon being, cor- 
respondingly, i.sodimori)hi.sm. Similarly, trimorphous substances an' known. 

From the standpoint of the atomic theory, however, quite apart from the 
importance of Mitscherliclds observations crystallographically, isomorphism 
assisted greatly, since it gave a ready indication of chemical composition in 
the case of substances crystallizing in the .same form and isomorphously with 
substances of known composition. Berzelius made great u.se of the principle in 
fixing atomic weights and in checking the results of his analytical investiga- 
tions. Isornorpliism has acquired a still greater range of applicability as the 
result of more recent deductions concerning the sub-atomic characteristics 
of the atom. As will be later demonstrated, isomorphism is i)ossibIe between 
com])ouiids containing elements which from the Mitscherlich standpoint would 
not be regarded as analogues but which, from a similarity of sub-atomic com- 
ponents, ac(iuirc identity of cry.stalline form. (See Chapters V and XVI.) 

Prout’s Hypothesis: Philosophically considered, the Daltonian concept of 
atoms, of differing weights but incapable of subdivision, is not without diffi- 
culties. Reason suggests the possibility of subdivision even though technique 
may not be adequate to its achievement. As a consequence, side by side with 
the many achievements of theoretical cliemistry in the 19th century, based 
fundamentally upon the atomic theory, there has persisted the es.sentially 
opposite view[)oint, namely that of continuity or unity of matter as opposed 
to the discontinuous view of material substances which the atomic theory 
postulates. This contrary viewpoint has been developed both consciously 
and unconsciously. Prout’s hypothesis put forward in 1815 is the earliest 
illustration of conscious development. Prout, reasoning from the approxima- 
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tion to whole numbers of the atomic weights of several of the elements, sug- 
gested that the elements might be, in reality, polymers of hydrogen. This was 
a revival of the protyle thfeory of matter with quantitative investigations as 
its support. But further quantitative study tended to withdraw support from 
the hypothesis of Front. The hypothesis gave an added stimulus to exact 
atomic weight determinations and these but served to demonstrate effectively 
that many of the atomic weights were markedly divergetit from whole numbers. 
Stas’ determinations of atomic weights, and notably that of chlorine, were 
classical researches, with this divergence from the whole number rule as the 
decisive result. 

Ddbereiner’s Triads: Attem])ts at classification of the elements on the basis 
of similarity of properties are less conscioiis methods of establishing the essen- 
tial unity of matter. Thus, Dobereiner’s observation, in 1S17, that groups of 
three elements ciiemically similar, with atomic weights in arithmetic prf»gres- 
sion, could be compife<i, while essentially an al tempi at convenient classifica- 
tion, involves, in its f\indamentals, an a|)preciation of a unifying principle. 
The chemical similarity of, for examjde, lithium, sodium and potassium, chlor- 
ine, bromine and iodine, calcium, strontium and barium, sul|)hur, selenium and 
tellurium with the very definite arithmetical relationships of their atomic 
weights, Na — Li = Ifi.Ofi, K — Na ~ 111 I, suggests immediat(*ly a funda- 
mental fact<^r common to each group of three .and .so .soim' unity underlying 
each group. This aspect of the matter was not, however, (unphasized either 
in Dobereiner’s triad svstem nor in subsequent, more eompj-i'hensive, systems 
of classification. 

Faiaday’s Laws of Electrolysis and th(‘ lOlecIrochemieid viewpoint. TIu' 
electrochemic.al re.se.arches of Nicholson and (’.arlisle, bSOO, on the decomposi- 
tion of water, of Davy on (Ik; prep.-inilion of pot.a.ssium, sodium, and other 
metals lS()7-bS0S, and of Berzelius and Ilisingc'r in Swodim 1S().‘L-1S()7, on the 
(lecomi)osition of neutral s.alts by the (dectrie current, definilelv brought (deo 
trochemistry to the fore as an auxiliary to othiT methods of chemical investi- 
gation. Davy’s Idectroida'inical theory of affinity and Berzidius' theory of 
atomic polarization brought (deetrochemistry into the domain of theoretical 
chemistry. Faraday’s reMairchi's in ('\i)erim<Mital electricity established 
quantitatively tlu' rel.at ioiishi]) bet\M'en (dectricily and the atomic weights of 
the elements. Faraday observecl that (Experimental Kesearches, .''lOr)): ‘For 
a constant quantity of electricity, whatever the decomposing conductor may 
be, whether water, saline solutu)!!'^, acids, fu.Mid bodies or the lik(‘, the amount 
of electrochemical action is also a constant quantity.’ Furthermore, with 
different solutions, the amounts of elementary constituents produced by unit 
quantity of electricity are jiroportional to their chemical equivalents. In 
these two laws the atoms and electricity are for the first time intimately as- 
.sociated. Faraday’s ions, tran.sferrcfl through .solutions by the agency of the 
current, were carried in definite amounts, one gram ion for every 96,500 
coulombs of electricity. Modified by drove, 1845, by Williamson in 1851, 
and by Clausius, 1857, in the sense that the decomposition was not effected by 
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the current but that the ion carriers must exist in part uncombined, the theory 
of conduction was given quantitative formulation by Arrhenius, 1887, who 
demonstrated that the extent to which the free ions occurred in solution was 
deducible from the electrical conductance of the solution as well as from the 
properties of solutions, at that time entirely disassociated from the electrical 
properties of solutions, namely, osmotic phenomena, freezing point, boiling 
point and vapor pressures of solutions. The properties of conducting solutions 
became a function of the positively and negatively charged ions which they 
contained. Progress from this point of view to those held today came as 
a result of the researches of the physicist and the student of radioactive change. 

The Periodic System of Classification: Before the contributions of the 
physics of the atom, and of radioactivity were achieved, the chemist had pro- 
vided himself with a broad and comprehensive system of classification of the 
elements which, more decisively than hitherto, suggested a fundamental unity 
of elementary structure, though designed, primarily, to emphasize the inter- 
relation of chemical and physical properties. An effort of de Chancourtois 
(Via Tellurique, Classement naturel des Corps Simples, 1862) excited little 
attention among chemists, though substantially a statement of periodicity of 
properties with increase of atomic weight. Newland's Law of Octaves, 1864, 
an arrangement of the elements in groups of eight bringing with each eighth 
element a repetition of properties like the eighth note of an octave in music, 
aroused much ridicule and little respect, though essentially the correct formula- 
tion of periodicity. It is noteworthy to record that, had Ramsay’s discovery 
of the rare gases of the atmosphere preceded this formulation, the analogy with 
the musical octave would have been lost; the scoffers would have lacked one 
of their principal weapons of ridicule. Mendeleeff in 1869 established the same 
periodicity of properties by arranging the elements in the order of increasing 
atomic weights. His historic association with the law arises because he em- 
ployed the periodic law, so discovered, as a powerful instrument of chemical 
classification and a weapon for prosecuting chemical research. 

“When I arranged the elements,” he wrote, “according to the magnitude of their atomic 
weights, beginning with the smallest, it became evident that there exists a kind of periodicity 
in their properties. I designate by the name periodic law the mutual relations between the 
properties of the elements and their atomic weights; these relations are applicable to all the 
elements and have the nature of a periodic function." 

Simultaneously, Lothar Meyer in Germany was evolving the same generaliza- 
tion. Meyer was more concerned with the periodic variation in the physical 
properties of the elements as a periodic function of the atomic weights of the 
elements, his graph of atomic volume plotted against atomic weight demon- 
strating the same broad periodic relationship which wo may now detail as the 
result of the application of the Mendeleeff principle. 

The accompanying table embodies the ideas as laid down by Mendeleeff 
with the modifications introduced by newer and better data than were avail- 
able to Mendeleeff and modified also by the additions— especially that of 
Group 0. which comprises the rare gases of the atmosphere— which subsequent 
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research and discovery have permitted. For convenience in subsequent 
discussion, the table has been amplified by the insertion of the atomic numbers 
of the elements as well as the atomic weights. The table is in its essentials, 
however, identical with that of Mendeleeff. It contains 9 vertical columns or 
groups and 12 horizontal rows termed series or periods. Hydrogen is in a 
series by itself. It possesses the properties of the elements of Group I in certain 
of its compounds, that of Group VII in others.^ Following hydrogen come two 
short periods of eight elements each, falling naturally into the eight groups 
from Group 0 to Group VII, helium to fluorine in the first of these two series, 
neon to chlorine in the second. Beyond chlorine, the ne.\t thirty-six elements 
fall naturally on the basis of proi)erties into two groups of eighteen, the two 
first long periods, argon to nickel in the first, krypton to palladium in the second, 
'riiesc groups of eighteen show a variation from the two short periods in that 
three elements in each period, so called transitional elements, iron, cobalt, 
nickel and ruthenium, rhodium and palladium are grouped together in Group 
VI If. This arrangement was devised by Mendeleeff as a result of obvious 
difficulties in f)lacing them in other groups and by reason of their close similarity 
one to another. By the arrangement indicated, krypton and xenon come into 
Group 0 with the other rare ga.ses. The other members of tiie various groups 
fall naturally into the classification on the basis of similarity of properties, 
Mefuleleeff arranged the remaining elemenfs in three long periods in which 
there were many gaps, but in which the similarity of chemical and physical 
properties ))rovided a suri* guide for allocation. It is now known, as will be 
later discussed in detail, that, following thi‘ second period of eighteen comes a 
longer period of thirty-two elements of which the initial element is xenon, the 
last clement platinum. This long period is succe(“ded by an incomplete frag- 
ment, seven in numlM'f, two of which are y('t undiscovered, of which the initial 
element is the emanation of radium, a gas of the rare gas tyi)e, and of which 
the heaviest known element, uranium, is the last member of the series in so far 
as they have been discovered. The first long period of thirty-two elements 
contains a trio of similar elements, osmium, iridium and platinum, as in the 
groups of eighteen, these being Uvssigned likewise to Group VIII. The rare 
earth elements are also members of this long period of thirty-two. 

The MendeleofT arrangement brings together, in one group, elements which 
luivc general family properties, physical and chemical, which vary gradually 
from first to last and which resemble one another more closely than do any of 
the other elements. This similarity and gradual variation suggests some 
common feature of internal construction or architecture. In the series, or 
horizontal lines of the table, there is a marked difference from member to mem- 
ber in physical and especially in chemical properties. Thus, for example in 
the matter of maximum oxide forming capacity, the variation of a series is 
from an element with no power of combination, the rare gas, through elements 
with respective oxides RoO, RO, R2O3, RO2, R2O6, R2O6, R2O7 and in some 

' HiO—NiisO; HCl— NaCl; LiCl— LiH. See: Peters, Z. anorg. all{jcm, Chem., lil, HQ 
(1U23). Bardwell, J. Am. Chem. Soc., 44 , 2499 (1922). 
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cases R 2 O 8 . Each series, liowever, more or less resembles the series which 
preceded it, witli one proviso. In the long periods there arc two scries, tlie 
so-called ‘odd’ and ‘even’ aeries. Examination will show that the even’ series 
4, 6 and 8 reseanble one another, 5 and 7 also, much more so than do the ‘even’ 
series resemble the ‘odd.’ On the basis of indivisible atoms this factor receives 
no elucidation. It was merely observed and accept(‘d in the original classifica- 
tion. The explanation must be sought and, as will be shown, is found in the 
architecture of the atom. As observed above witli the oxides, the maximum 
state of oxidation progressively increases from hdt to right in a scries. It 
should be observed also that the elements show a minimum valency in hydride 
formation, rising from 0 to 4 as we ])a.ss from a rare gas micIi as helium to a 
member of Group IV’^ such as carbon. Beyond Group I\', however, the com- 
bining pow^r falls as indicated by the com])ounds Nil.), Oil.-, Ell. This factor 
also lacked elucidation in the original formulation of the periodic law. 

The Applications of the Pcnodic Law: As pointed out by Menih'leelT tla^ 
periodic law could be employed in. (1) The classification of the elements; 
(2) Tlic estimation of atomic weights; (d) The prediction of properties of un- 
known elements; (4) The correction of atomic weights. 

(1) In the cla.sMtioation of (he clotnciU.N llu; itcnodic .•irianjteincnl. has never been sur- 
passed nor super.->cded. It i,-? .sf ill a ino.st u.soful and eonMaiienl nielliod of claHHifyiiiK the dala 
of inorganic chemistry whclher of elemenf.s or of eonipounds. 

(2) MeiideleofT as-signed to indium an atomic weight of 11.'{.4 on llie basis of Winkh'r’s 
value of for the equivalent weight, this makis indium tervalenl, gives it ])lace in (Jrouji 
III of the table between eadmiuni and tin, below gallium, where it Ills mtv w(‘II. Specific 
heat incufeurements of indium rnet.al confirmed the coi redness of this assignment. 

(3) McndelecfT u.sed the table to predict the piopertie.s of nii.s,smg elements in (liou)) III 
and Group IV akin to lioron, aluniiiiium and tilanium. 'I'he jiredictions concerning eka- 
boron, eka-aluniinium and eka-silicon weie abundantly justified and confirmed in llic subse- 
quent discoveries of scandium, gallium and gcimaiiium resi)(“cfi\ely. 

(4) MendeleelT predicted conections m the atomic weights of osmium, iridium and 
platinum which gave to them this older rather than that gueii by the order of atomic weights 
accepted in 1870 which would lia\e gnen platinum, iridium, osmium 'J'he periodic law has 
not, however, always been the succe.s.sful guide in correct ion.s to accepted atomic weights as 
w'ill now Ix! discus.sed. 

The Defects of the Periodic Law: On jilacing elements in the onh'r of atomic 
weights two outstanding anonialie.s presented thein.selve.s to Mt'udtdeelT. Tel- 
lurium, being assigned an atomic weight gretitcr than tliat of iodine, would 
have passed into the halogen grouj), while iodine would htive been placed in 
the oxygen, sulphur, selenium group. This would have Iteen an obvious in- 
version of the periodicity of properties. Since the atomic weight of iodine 
had been many times checked and rechccked, .so that considerable certainty 
could be attached to its vtdue, MendclcefT suggested tlnit the atomic weight 
of tellurium must be wrong, that the correct value would l)e between 123 and 
126 instead of the then accepted value of 128. Hence ensued a vigorous study 
of tellurium, its purity, purification and atomic weight determination. Efforts 
were made in abundance to separate therefrom some constituent of liigher 
atomic weight wliich would have a position below tellurium in the 6th group. 
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All these efforts were fruitless. A multiplicity of methods of purification all 
failed to yield a tellurium of atomic weight lower than that of iodine. The 
exception did not nullify the periodic law. The wonderful truth and value of 
the periodic relation were abundantly evident. As a consequence, and until 
the reason for the anomaly should reveal itself, tellurium and iodine were 
assigned to those group positions to which their properties, chemical and phys- 
ical, indicated that they belonged, order of atomic weights notwithstanding. 

Cobalt (58.97) and nickel (58.68) were similarly misplaced on the basis of 
order of atomic weights. The .sequence from the standpoint of properties of 
the first three transitional elements is most certainly iron, cobalt, nickel, 
whereas the order of atomic weights is i-on, nickel, cobalt. Again, the presence 
of another element, 'gnomium,’ was suspected. Again, intensive and pains- 
taking labors failed to reveal the element or reverse the order of atomic weights. 
Cobalt and nickel likewise remained anomalous. 

One other pair of misfits arose with the discovery of the rare gases by 
Ramsay. Argon of atomic weight 39.88, an obvious member of Group 0, 
was found to have an atomic weight greater than that of potassium, 39.10, 
again obviously a member of Group I. In view of the.se anomalies in the face 
of such overwhelming evidences of the approximate truth of the law in the 
majority of its details it is little wonder that Raitisay asked “Why this in- 
complete concordance?" The answer has emerged and in the unfolding of 
the mystery the student of chemical philosophy has much to learn. He will 
find an answer to the query of Ramsay. The incomplete concordance is 
evidence of the limitations to which many laws are subject, is evidence that 
the laws in question are but approximalions to the fundamental law. The 
incomplete concordance is evidence of incomplete truth. The realization of 
this will be valuable, for it will give to authentic exceptions to general laws a 
vital importance in the .search for truth. Science is full of illustrations of this 
fact. The exceptions to the Law of Dulong and Petit were an index of the 
approximate truth only of the law. It will be shown later that they consti- 
tuted a sign post to a more fundamental law of the specific heats of elements 
of which Dulong and Petit’s Law is but a limiting case. Ramsay himself 
found in the anomalous density of nitrogen from air and from nitrogen com- 
pounds as determined by Lord Rayleigh the sign post to a whole group of 
chemical elements at that time unknown. The anomalies in the periodic law 
were the arrows pointing to the necessity of obtaining yet more fundamental 
truths concerning the nature, the architecture and the periodic relationships 
of elementary matter. As the science progressed new sign posts appeared. 
The allocation of the rare earths to positions in the periodic table was a problem 
in itself of great complexity. The discovery of the radio-elements multiplied 
the difficulties of allocation. These difl&oulties gave to other less pronounced 
diflSculties an added significance. Thus, for example, the problem of the odd 
and even series recurs. Copper, silver apd gold are distinct variants from the 
alkali elements. Gold cliloride, AuCL, seems out of place in the compounds 
of the elements of Group I. I^ead resembles thallium, mercury is similar to 
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copper. Magnesium behaves like manganese in some of its compounds. In 
the ultimate solution, such problems will find their elucidation. 

The Periodic Law and Electrochemistry: Faraday concluded that the laws 
of electrocheiAical action which he deduced were consonant with the facts of 
the atomic theory. Subsequent researches of Grove, Clausius, Hittorf, and 
Arrhenius established that, in conducting solutions, the elementary constituents 
were present, not as atoms, but as charged ions. It is of interest to examine the 
nature of these postulated ions in terms of the Mendeleeff classification. In a 
simple solution of an electrolyte, say of sodium chloride, the ionic theory postu- 
lated the presence of positively charged sodium ions and negatively charged 
chloride ions 

NaCI OQ — Naaj^ -b Claj. 

With an electrolyte such as barium chloride the solution contained barium 
ions with a doubly positive charge and twice the number of singly charged 
negative ions 

BaCU OQ — Baflg^ -I- 2 Claj. 

With sodium sulphide on the other hand the opposite distribution of charges 
was postulated 

Na 2 S -{■ aq- 2Naj, -f S„«‘. 

Similarly, aluminium chloride dissociates thus: 

AICI 3 + A1„V' +3CV,. 

In terms of electrochemical theory, therefore, the elements of Group I yield 
univalent positive ions, Group II divalent positive ions. Group III trivalent 
positive ions. Group VII contains the elements yielding univalent negative 
ions, Group VI elements yielding divalent ions. Group V the trivalent negative 
ions, though these are rare. On the left of Group IV an; to be found the pro- 
nouncedly electro-positive elements, to the right the more pronoiiucedly 
electronegative compounds. These facts are of importjinee in the ensuing 
development of atomic structure. They provide a background from which to 
approach the newer ideas. 

Atomic Structure: The atomic theory of Dalton provides, as has been shown, 
a satisfactory basis for the laws of chemical combination and the atomic weight 
provides a useful, if not completely satisfactory, basis for the classification of 
the elements. The concept of definite and indivisible atoms, of different weights, 
could not, however, be the ultimate solution of the problem of material struc- 
ture. It provides no answers to a variety of problems. The difference in 
chemical properties between two atoms, say hydrogen and oxygen, can never 
be satisfyingly relegated to a simple difference in weight. Wherein does the 
difference in weight lie? What factors determine the weight difference? 
Furthermore, a number of physical and chemical properties of elementary sub- 
stances cannot be explained upon any basis of weight variation of ultimate 
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indivisible particles. The varying valence of the different elements and also 
the varying valences of a single element remain entirely unexplained on the basis 
of the simple atomic theory. The spectral differenhes among the elements are 
likewise unexplainable. As has already been emphasized, the Similarity and 
periodicity of properties, both physical and chemical, is the strongest possible 
evidence that like elements must possess similarities of architecture not en- 
visaged by a theory of indivisible atoms. The inadequacies of the periodic 
system of classification are further sign posts indicating the need for further 
exploration of the composition of the individual atoms. Dalton had a glimpse 
from whence progress might come, for in his address to the Royal Society, 
upon receiving the Royal Medal he stated: 

“The eauscs of chemical change are as yet unknown, and the laws by which they are 
governed; but, in their connexion with electrical and magnetic phenomena there is a gleam 
of light pointing to a new dawn in .science.” 

The Electron: It is of interest to note that the development of the concept 
of atomic structure commenced when the concept of atomic electricity re- 
ceived its first quantitative study. Faraday’s experiments on the conduction 
of salt solutions are the first experiments indicative of discreet units of electric- 
ity. Ci. Johnstone Stoney in an addrc.ss before the British Association in 1874, 
published in 1881,' definitely empha.sizes this fact. 

“Nature presents us with a single definite quantity of electricity which is independent 
of the particular Iwdies acted on. To make this clear, I shall express Faraday’s Law in the 
following terms, which, as I shall show, will give it precision, viz.: For each chemical bond 
which is ruptured within an electrolj to a certain quantity of electricity traverses the electro- 
lyte which is the same in all cases. ’’ 

Helrnholz in the Faraday lecture at the Royal Institution in 1881 emphasized 
the same point of view: 

“Now the most startling result of Faraday’s Law is perhaps this, if we accept the hypoth- 
esis that the elementary substances are compo.sed of atoms, wo cannot avoid concluding 
that electricity ahso, iK)sitive as well as negati\e, is divided into definite elementary portions 
which behave like atoms of electricity.” 

0. Johnstone Stoney, 1891, gave to the ‘natural unit of electricity,' thus defined 
ill reference to Faradtiy’s Law, the name ‘electron.’ Faraday’s Law, however, 
was not sufficient to establish the atomistic concept of electricity. It applied 
only to solutions of electrolytes. Metallic conduction was still discussed in 
terms of ‘ether strains’ and ‘continuou.s homogeneous fluids.’ The proof of 
atomic electricity did not come until the mechanism of gaseous conduction had 
been studied and the properties of gases acted upon by X-radiation and radio- 
active materials had become familiar. 

The experiments of J. J. Thomson and his collaborators at the Cavendish 
Laboratory, Cambridge, England, supplied the original information in this 
field. Gases treated with X-rays were found to be conducting. The conduc- 
tivity thus induced in a gas was caused by an agency which could be removed 

^Phil. Mao., (5) 11. 384 (1881). 
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by filtration through glass wool, by passage of the gas througli inetaj tubes 
or between plates maintained at a sufficiently large potential difference. The 
conductivity was therefore due to electrically charged particles. More de- 
tailed knowledge of the nature of the charged particles was obtained by Ji 
study of the conduction of electricity through gases at low partial pressures. 
When currents at high potentials are discharged through gases at pressures of 
about 0.01 mm. or lower, charged i)articles or corpuscles arc shot off from the 
cathode. These particles, first investigated by Sir Win. Crookes, and called 
by him the ‘fourth state of matter,’ have properties the study of which led 
eventually to an appreciation of their importance in atomic structure. The 
cathode particles were shown to have the following properties: 

(1) They travel in .straniht lines normal to the cathode and cast shadows of opaejne 
objects placed in thoir path. 

(2) They are capable of protluciiiK mechanical motion 

(3) They produce phosphorescence in many olijeds exposed to llicit action, e bine 
phosphorescence in lend KiassCs. 

(4) They produce a n^e in temia'rature in ol)jects which the\ strike. 

(5) They may bo deflected, by (‘lectroinaunetic and electrostatic lii-lds, from thmr normal 
rectilinear paths. 

(0) The char«e carried liy the partichs is nciratni' since the.\ elcdiify nCRatively insu- 
lated metallic electrodes uiion which th<‘y fall 

(7) They maj penetrate thin sheets of metal, th<‘ stopjnnK power of the metal varying 
directly with the thickne.s,s of tin' metal and with its density. 

(S) They act as nuclei for the condensation of supersaturated vapors. The foKS tliii.s 
formed are u.sefiil as a means of naideiinij the pai tides x isible. 

(9) The partK'les were identical in natuie and in the ratio of chame carried to mass of the 
particles, irn’sptdttr of thr ndtninif tin n \iihiftl ijos in ihr (hsdinup tnhi . I his lepresented the 
first definite indication that iho infhoih luuln U s win aminmon ninditin nt of all atomx. 

The Velocity of the Cathode Particle: The velocity of the ptirticlo ciui 
1)0 (letcrmiiiod by measuring tin' (lis|)lacement effected by known electrostiitic 
and electromagnetic field.s on a fine pencil of cathode imrticles. Such a itencil 
of particles impinging on a phosphorescent scrt'en may lie located by the jilios- 
phorescent spot produced. If a .strong magnetic field II be ttppliod to such a 
pencil of rays they will lie defleeted from their rectilimmr path. The force 
exerted by the field II on a particle carrying a clnirge e, moving with a velocity 
V, will be Ila\ At equilibrium, this force will bo e(|ual to the centrifugal force 
of the moving i)article acting outwards along its radius of curvature, r. There- 
fore, if the mass of the particle be ///, the following relation holds 



r 


Since H and r arc both measurable it follows that the ratio mvjc = Hr can be 
tletermined. Now, ])y superposing on the pencil of cathode particles thus 
magnetically deflected a suitable electro.static field N, the pencil may be 
re, stored to its original rectilinear path. Jn such case, by equating the elec- 
trostatic and electromagnetic forces involved, there follows 

Xe = Hev 
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whence v may be determined from the known values of X and H. Hence also 
the ratio ejm may be obtained. 

By removing the electromagnetic field, a fui;ther check upon the value of 
dm may be obtained. The electrostatic field deflects the corpuscles from their 

normal rectilinear path. The downward acceleration ( =* ) produced 

\ mass / 

by the action of the electro-static field is Xe/m. The distance through which 
the particle will fall in time t is 

a = - 
2 m 

Now i = Ijv where I i.s the distance travelled by a particle of velocity v. Hence, 
the vertical displacement, d, a.s revealed by the change in po.sition of the phos- 
phorescent spot is given by 

Since d and I may be measured, X is known and v deduced as indicated above, 
it is possible to calculate elm from the equation 

e _ 


By these methods Thomson was able to show that the ratio ejm was con- 
stant for all cathode rays, irrespective of the nature of the electrodes or the 
nature of the residual gas in the discharge tube for all velocities of travel not 
approaching the velocity of light. The average value of v was found to be 
2.8 X 10* cm. per second. The value of elm in such discharge tubes was 
approximately 1.79 X 10^ electromagnetic units. This may be compared with 
the ratio of elm for a hydrogen ion. It was known that the charge carried by 
such an ion is 4.77 X 10*® electrostatic units. The mass of a hydrogen ion is 
1.64 X 10~^^ grams. Hence in electromagnetic units, the charge e/m for a 
hydrogen ion is 

4.77 X 10“*® 

= 0.97 X 10* electromagnetic units. 

1.64 X 10-« X 3 X 10*® 


For the cathode particle therefore the ratio e/m is approximately 


1,79 X 10' 
0.97 X 10* 


= 1845 times 


greater than that for the hydrogen ion. It is apparent that one of several 
factors may account for this: (1) either the charge on the particle is some 1845 
times greater than that on the hydrogen ion, the masses being identical, or (2) 
the mass of the particle may be 1/1845 of the mass of the hydrogen ion and the 
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charges identical or (3) the cathode particle may differ in both charge and mass 
from that of the hydrogen ion. It will now be shown that the charge of the 
cathode particle is identical Vith that of the hydrogen ion and that, therefore, 
the mass of th^ cathode particle is approximately 1/1845 of the hydrogen ion. 

The Charge Carried by a Cathode Particle: The earliest efforts to deter- 
mine € were made by Townsend,* J. J. Thomson^ and H. A. Wilson.* Townsend 
produced his charged particles by electrolysis of solutions at liigh current 
densities. The gases thus evolved contain a small fraction of the molecules in 
the charged condition. When these charged gases were bubbled through water 
they formed a cloud or fog wliich could be discharged by bubbling through 
concentrated sulphuric acid. The removal of the moisture in this manner 
did not entirely destroy the charge on the g.is. Repetition of the procedure 
wouldj 5 ive new clouds. Town.scnd assumed that the number of ions was the 
same as the number of fog particles. lie determined the total electric charge 
per cubic centimeter carried by the ga.s. He determined the total weight of 
the cloud by absorbing the water in sulphuric acid. He found the average 
weight of the water droplets by observing their rate of fall under gravity, 
computing their mean radius by the application of Stokes’ law, 

_ 2gr-(i 
9 7) 

where v is the velocity of fall of a drop of water of radiu.s r and density d, 
falling through a gas of viscosity tj, under the acceleration of gravity g. From 
these data Townsend computed the number of droplets, assumed ecpial to the 
number of ions, and hence the average charge carried by each ion. His mean 
determinations gave c = 3 X 10 electrostatic units. 

Thomson’s method was similar to Town.send’s but utilized the observation 
of C. T. R. Wilson that the .sudden expamsion and consecpient cooling of the 
air in the ionization ve.ssel gave a convenient method of producing the cloud 
formation. The ionization was produced by means of X-rays which give rise 
to negative particles or ions and positive particles which are the residues from 
which the corpuscles have been removed. By adjusting the degree of supersat- 
uration, condensation may be confined to the negative particles as was 
demonstrated by H. A. Wil.'^on. Thomson obtained his measurement of total 
charge carried by the cloud by determination of the current carried by the 
cloud under the influence of a weak electromotive force. Thomson weighed 
the cloud produced and utilized Stokes’ Law as in Townsend’s work. As a 
final value for e Thomson gave e = 0.5 X lO"*® (1898). Later work * with 
radium as the source of ionization gave him the result 3.4 X 10”*°. 

Thomson's mode of experimentation was modified by H. A. Wilson who 
studied the rate of fall of the cloud under gravity alone and also under the 

• Proc. Camb. Philos. Soc., 9, 244 (1K97). 

» Pha. Mag., 46 , ,')28 (1898). 

iPkil. Mag., 5, 429 (190.3). 

* Phil. Mag., (6) 5, 354 (1903). 
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combined action of gravity and an electrostatic field. The ratio of the veloc- 
ities, Vi and Vi, under gravity alone and with the combined action of gravity 
and an electrostatic field X is given by the equation 

t'l _ mg 
Vi mg -}- Xe 

Combining this with Stokes’ Law for Vi 

2grH 

Vi - - 

9 n 

and eliminating m by the expression m ~ 4/3 rH, Wilson obtained the expres- 
sion 


This yielded for c a mean value of 3.1 X electrostatic units. The devia- 
tions were considerable, the extreme values being 2.0 X lO'^'’ and 4.4 X 10~*° 
E.S.U. Wilson’s method eliminated tlie assumption as to the equality of the 
number of droplets and the number of ions. It involved the a.ssumption, 
however, that succe.ssivc cloud formations gave equally sized droplets, an 
a.ssumption which later work by Millikan could not be found to sustain with 
any certainty. 

Millikan’s first work with HcKenian was cssontially a roi)ctition of the H. A. Wilson 
method usin^ radium as (he ionizing agent and a 4000 volt .storage battery to charge the 
plates. The rcsulls were more consi.stcnt than Witson’s and gave as the mean of the olxsor- 
vations, varying between .'bOO X 10 '‘•and 4.:i7 X 10'’®, a value c = 4.06 X 10"‘® E.S.U.* 

Millikan's ^halnnmUdrap' method.'^ This represents a distinct advance 
on the H. A. Wilson method. To eliminate errors due to evaporation, Millikan 
planned to use a sufficiently strong field, to balance exactly the force of gravity 
on the (lro[)lcts and thus maintain the top surface of the cloud stationary. 
Without attaining this object, he succeeded in the more important task of 
studying the behavior of individual droplets. He found they could be held 
suspended in the field from 30 to 60 seconds; that they carried multiple charges 
varying between 2e and Or. These charges were all exact multiples and there- 
fore reveal positively the unitary nature of electricity. The ionized cloud 
after formation between the plates was subjected to a given potential gradient. 
This removes all of the cloud particles with the exception of those which have 
the right ratio of charge to mass to be held in suspension in the field. Ob- 
servations on these droplets were made \vith a telescope in the eyepiece of 
which three equally spaced cross hairs were placed. A small section of the 
space between the plates was illuminated by a narrow beam of light suitably 
freed from its heat rays by three water cells in series. The cross hairs were set 

» Phys. Rev., 26 , 198 (1908). 

2 Phil. Afay., 19, 209 (1910). 
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near the lower plate and as soon as a stationary drop was found somewhere 
above the uppCT cross hair it was watched for a few seconds to make sure that 
It was not movinK. The field fras then thrown off and the plates shortcircuited. 
The drop was then timed in its fall by means of a stop-watch as it passed across 
the three cross hairs. It will be seen that this method furnishes a check upon 
evaporation; for, if the drop is stationary at first it is not evaporating suffi- 
ciently to influence the readings; if it begins to evaporate before the readings arc 
completed, the tune required to pass through the .second apace should bo greater 

than that required to pass through the first space. In general this was not the 
case. 

The preceding equation of the Wilson nictho,l, applied to the balanced 
droplet, assumes the form 


c = 3.422 X 10-»- 
9 

For, in this caae, X is negative in sign, since it opposes gravity, and a, = 0. 
The constant 3.422 X 10 >« was chosen by Millikan as most accurately rep- 
resenting the terms m the Wil.son equation involving the viscosity of the me- 
dium and the density of the drojilcts. From these determinations, Millikan 
"" '""’''■«U-»i‘'>“‘™novaliiesof4.37 X 10- 

MiUikm’s Oil Drop Method:^ This later method of Millikan’s represents 
the most accurate method of determination of the unitary quantity of electric- 
ity disclosed by the previously mentioned investifiation. A diagram of this 
apparatus is appended. The droplets invcstif;ated were introduced into the 



chamber /) by means of the atomizer A in the form of a finely divided 
Eventually one of these droplets finds its way through the aperture, 
*Phya. Ret)., 2, 143 (1913). 


spray. 
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the space between the condenser plates, M and N. The hole p is then closed 
and the air between the plates ionized by a source of X-rays, X. Illumination 
is secured from the arc lamp, n, the heat rays bf*ing removed in filters w and d. 
The motion of the illuminated droplet is observed through a? microscope fitted 
with an engraved scale. By collision with ions of the air the droplet acquires 
an electric charge, and then moves between plates M and N in a direction 
governed by the sign of the acquired charge and with a speed itnlicative of the 
sign of the charge carried. By reversal of the sign of the charge on M and N 
the direction of motion of the droplet can be reversed. In this way the droplet 
could be kept travelling back and forth between the [dates. As a mean of 17 
determinations of the times which the droplet reciuired to fall between two 
fixed cross hairs in the observing telescope, whose distance apart corresponded 
to a distance of fall of 0.5222 cm., a value of 15.505 seconds with a maximum 
deviation of rh 0.2 sec. was obtained. When rising under the influence of an 
electric field produced by applying a potential diffi-rence of 5051 volts, the 
successive times required varied in the following way 12.5, 12.4, 21.8, 51.S, 
84.5, 81.5, 85.5, 54.0, 54.8, 10.0, 51.8, 54.0, 21.0 secom'ls. It will be .seeii that! 
after the second trip uj), the time changed from 12.4 to 21.8, indicating, since 
in this case the drof) was positive, that a negative ion had been caught from 
the air. On the nc.xt trij) another negative ion had l)een caught. The next 
time, 84.5, indicates the capture of still another negative ion. From the 
equation 


jq m,ig 

v-> Xe — m,i(f 


or 


Xvi 


(^1 + ih), 


where iiid is the mass of the droplet, it follows that th(' change in velocity 
produced by the acquiring of an extra charge can be given by eliminating 
and solving the ccpuitions thus: 


(а) I = 54.8 secs, against gravity wi + fa 

(б) t = 84.5 secs, against gravity t’l -f v-> 
The time dilTercnce between (a) and (6) is 


/ 0.5222 0.5222 \ 

\ 15.595 '^ 51.8 j’ 
/ 0.5222 0.5222 \ 

\ 15.595 ^ 81.5 /’ 


0.5222 ( — I = 0.00891 cm. i)er second. 

\54.8 84.5/ 

In this manner it wa.s shown that successive captures of an ion effected changes 
in the velocity of rise against gravity respectively equal to 0.008912, 0.008911, 
0.008903, 0.008883 and 0.008931 cm. per second, all of which are within l/5th of 
1 per cent of the mean value of 0.00801 cm. per second. This therefore repre- 
sents the change in the sum of the speeds ci and caused by the capture of 
one ion. Relationships of this sort were found to hold ab.s{)lutely without 
exception, no matter in what gas the droplets hud been suspended or what sort 
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of droplets were used upon’ which to catch the ions. Kxperinu'iits were con- 
ducted over five or six liours, hundreds of ions per droplet were c.'iught and 
recorded by the chanj?e of s])eed. Here (hen is direct proof that the electrical 
charges found on ioii'^ all have exactly (lie same value or else small exact 
multiples of that value. This i- (he mo.st conclusive proof of the ‘atomic’ 
structure of electricity 

From the jireccdiiig eiiuatitui, with the data obtained in this stinly of the 
behavior of Ihi' oil drojilets, accurate vainer for (he ratio could be de- 
duced. To obtain the magnitude of the unit charge c it was nece.ssary however 
to determine the ma^s df the dniph't F<w this purjiose Stokes’ Law could be 
einploj’cd to determine the radius and thc'refore the volume and mass of the 
droplet. To attain in the.se calculations tla* same high (h'gree of precision 
which was obtained in the \elocity determinations just reconled, Millikan 
found it iH'cessary to make an in\e.s(igation into tin' limitations of Stokes’ 
Law with variation in the medium and with variation in the droplet size. On 
completion of this study, which reieah’d the lU'ci'.ssity of correcting Stokes’ 
Law’ for inhomogeiK'ities in the medium a correction which was finally made 
as an empirical function of the r.atio of the mean free path of the gas molecules 
of the medium, /. to tlic' radius of th(' droph't r .Millikan deri\i‘d a corn'ctc'd 
form of tli(i Stokes’ ecpiation from which the ra<lius of the droph't was deti'r- 
mined, 



in which d,/ is the ih'iisity of the drop. d,„ that of thi' medium, .1 an empirical 
constant, tlu' other terni'- lia\ing the sanu' significance as gi\('n previously. 
Ill thi.s maiinei, the magnitude of < was finally obtaiiu'd with a di'gree of pre- 
cision embodied in th(' bdlowing expressKui. 

^ - 1.771 ± OOO.') X 10 

The Avogadro Constant: 'I'he di'termination of r with the degree of pn'- 
cision herein indicated gives at once a most Aaliiable method of evaluating the 
Avogadro constant, the number of molecules in one gram molecule of any gas 
under standard conditions of (('inpi'rature and pres, sure, d’hi.s is n'adily achievi'd 
by combining this value of c with that obtained in ('lectrocheniical w'ork for 
the value of the Faraday, (In* (piantily of electricity necessary to liberate one 
gram ion of a monovalent element in electrolysis. Ify international agreement 
it has been decided that, the atomic weight of silvc'r is 107. N<S and the unit of 
(‘lectricity expres.sed in electnmiagiietic units has been defined as the amount of 
electricity which will dejiosit from a silver solution 0 . Ills gram of silver. 
The value of the Faraday is therefore 

107.SS , 

0 1]LS~ electro-magnetic units 

or, in eicctro.-tatic units, 1)0.30 X ‘2.9990 X KPF.tS.U. Thi.s (piantity i.s equal 
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to the elementary charge, e, multiplied by the AVogadro number N. Hence, 

4.774 X = 9650 X 2.9990 X 10>o 
or 

N = 6.062 X 10*3 
the precision of which is given by the expres.sion 

N = (6.062 ± 0.006) X 10^1 

The Mass of the Hydrogen Molecule : Given N, the Avogadro number, 
the ma.s.s of the hydrogen molecule is obtained from the molecular weight of 
hydrogen by simple division. The mass of the individual molecule becomes 

— - = (3.324 ± 0.004)10-« gram. 

6.0G2 X 10« * 


The Mass of the Electron: Millikan’s work established the identity of 
the charges on an electron and a monovalent ion. It is evident therefore that 
the masses of the hydrogen atom and the electron must be in the same ratio 
as the respective ratios e/m and Eui-/Mf{+ bear to one another. As has already 
been shown, these ratios arc in the ratio of 1 to 1845. Hence the mass of the 
electron becomes 


1.662 X 10-^^ 
1845 


= 9.0 X IQ-^* grams. 


It should bo observed that this mass applies only to such electrons as are mov- 
ing slowly relative to the velocity of light, which is true of electrons produced 
in the experiments on the discharge of electricity through gases. As the veloc- 
ity increases, the mass becomes correspondingly greater; when the corpuscle 
attains the velocity of light its ma.ss, theoretically, is infinite. Swiftly moving 
particles, products of radioactive decay, are known with over 90 per cent of 
the velocity of light, and the variation of the mass of the negative electron 
with speed agrees accurately with the rate of variation computed on the as- 
sumption that this mass is all of electromagnetic origin. 

Mechanism of Ionization of Gases : The early work of Townsend, pre- 
viously discussed, together with his measurements on the diffusion coefficients 
and the mobilities of the gas ions produced in his experiments, led him to the 
conclusion that both positive and negative ions carry unit charge. Some later 
data of Townsend suggested that the positive ions were possibly doubly charged. 

Experiments of Franck and Westphal,* analogous to those of Townsend, 
led to the conclusion that all the negative and the majority of the positive ions 
carry unit charge. A small fraction,, about 9 per cent, of the positive ions 
appeared to be doubly charged when X-radiation was the ionizing medium. 
With a, ^ and y rays from radioactive sources they found no evidence of doubly 
charged ions. 

* VerA. deutsch, phys, Oes., March, 1909. 
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Millikan and his co-workers have repeated the studies of the mechanism 
of ionization, employiiiR the technique developed in the work detailed in the 
preceding sections. The conclusions to which this study led may be summarized 
in the following Way: ‘ 

(1) The action of ionization by jS-niys seems to consist in the release, 
without any appreciable energy, of one single electron from an occasional 
molecule through wliich the /9-ray pa.s.ses. The faster the /S-ray the less fre- 
quently does it ionize. 

(2) The act of ionization by X-rays or light seems to consist in the hurling 
out, with an energy tlnit may be very large, but which depends on the fre- 
quency of the ether wave, of one .single el(‘etron from an occasional molecule 
oyer which this wave passes. 

(3) The act of ionization by rapidly moving a-particles consists in the shak- 
ing loose of one single electron from the atom through which it passes; a slow 
moving positive ray appears in .some ca.ses to be able to d(*tach sev(‘ral electrons 
from a single atom. 

This last conclusion is abundantly verified by the recent studies of J. J. 
Thom.son and of Aston on the positive rays. Mass-spectrographic data reveal 
abundant evidence of multiply-charged atomic masses. 

Ionization may result from chemical action as well as by means of the phy.s- 
ical agencies already considered. There is a growing body of evidence indi- 
cating the pre.sence of ions in reacting gaseous .systems, persistent even when 
exces.sive i)recautions to e.xclude ion-producing mechanisms of a physical 
nature arc excluded. Pinkus has reported ^ ionization in certain gas reactions. 
Recent work by lircwcr and Daniels*'* demonstrates ionization in the interaction 
of nitric oxide and oxygen, a reaction for which Pinkus previously obtained 
negative results. The later work indicates definite though small ionization, 
of the order of 10'*^ amperes for the oxidation of 50 cc. of nitric oxide per minute 
reacting in a field of 450 volts per cm. This correspomis to about one ion for 
every million molecules reacting. 

This evidence, therefore, points undoubtedly to an atomic architecture 
in which the neutral atom is built up of negative electrons and positive rests 
or nuclei. 

Size of the Electron : Assuming that the ma.ss of the electron is entirely 
of electromagnetic origin, the size of the electron can be calculated from the 
equation 

2 c* 

m = - - f 

3 a 

wliich relationship connects the mass, m, with the charge e carried by a sphere 
of radius a. Solving this equation for a with the accepted values for m and e, 
the radius of the sphere over which the mass must be distrilmted proves to be 

a = 2 X 10“*® cm. 

‘ Millikan, The Electron, pp. 140, 141. 

> J. Chem, Phya., 18, 366, 412 (1920). 

* Trana. Am. Eledrochem. Soc., Oct. 1923. 
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It is of importance to note that this is an entirely lower order of magnitude 
than the atomic radius whicli approximates to 10~* cm. (See Chapters III 
and V.) 

Size of the Positive Nucleus: There is no direct experiiftental justifica- 
tion for tlie assumption that the mass of the nucleus is entirely of electro- 
magnetic origin. If this were so however, it is evident that, since the ma.ss, 
VI, of the hydrogen nucleus is 1845 time.s as large as that of the electron, the 
radius a of a hydrogen nucleus, with the ma.ss assumed to he of electromagnetic 
origin, would be 1/1845 that of the electron or, approximately, 1 X cm. 

From these con.sidcrations, it is evident that tlie hydrogen atom would 
consist of a minute speck of jmsitive (dectricity relatively remotely distant 
from a negative electron, FSIo times larger in radius, these two charged specks 
occupying positions within the atom the linear dimensions of which would 
be resjiectively about I X 10 ** and 2 X 10”'’ of that of the atom. The hy- 
drogen atom therefore could literally be said to be two tiny specks of charge 
in almost an infinity of space. 

Proof of the minuteness o'f the atomic nucleus is obtainable by !i study of 
the tracks of a-particles and /3-particles through gases. Photographs of such 
tracks are obtainable, for th(! gas through which the particles travel is ionized 
and the ions may be rendered visible by the condensation of water va])or upon 
them.^ Study of photograjihs so obtained shows that a i3-particlc may pass 
through as many as 10,000 atoms before it comes near (mough to an electronic 
con.stituent of any of the atoms to detach it from its system and form an ion, 
a circumstance wdiich indicates the relative freedom of the atomic space from 
such (dectronic constituents. Furthermore, a particles, owing to their great 
mass relative to the electron (approximately 7000 : 1), are uninlluenced by the 
electrons with which they come in contact. They may however be stopped or 
deflected by the more massive positive michd of the atoms through which 
they pass. Photograjihs ri'veal, however, that, on an average, an a-particle 
goes through 200,000 atoms wdthout approaching near enough to the nucleus 
to suller appreciable deflection. The conclusion .seems inescapable therefore 
that the positive nucleus is also but a minute fraction of the total atomic 
volume. 

The Nuclear Atom: The facts thus ascertained with regard to the compo- 
nents of the atom have led Rutherford to the formulation of the nuclear atom 
theory.^ According to Rutherford an atom consists of a heavy minute positively 
charged nucleus surrounded by electrons probably situated to the nucleus 
.somewhat as the jdanets are situated to the sun. The number of electrons 
outside the nucleus is ecpial to the net positive charge on the nucleus. 

Rutherford,' Geiger and Marsdeii^ by studies of the deflections suffered by 
a-particles in i)assing through various metal foils were able thence to calculate 
the number of free positive charges on the metal atoms through which the 


> {". T. R. Wilson, Proc. (\imb. Phil. Soc., 9. ana (1S97) , PfuL Muy., 7, G.S1 (19(M). 
®P/u/. May ,21, ()G9 (1911). 

3 Phil. Mag., 25, 004 (1913). 
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a-piirti(’l(‘s passed. They concluded that the number of free positive charges 
was appn)ximately (apial to half the atomic w(‘ight. This conclusion was in 
striking agn'ciiKMit with earlieV work by Harkhd on the scattering of X-rays. 
This work indicated tliat, in (‘ach atom, the number of scatteritig centers, 
namely, the electrons, was approximately ecpial to one half the atomic weight. 
Evidence, therefore, was availabh^ with botli positive and lU'gatively charged 
portiotis of the atom as to this relationshij) iK'tween atomic weight and electrical 
charge. 

The Atomic Number: The actual count, with precision, of tiu' extra- 
nuclear ('lectrons in elementary subst;mc(‘s was accomplished by Moseley, 
1914.* The sugg('stion of Lane, 1912, that the regular spacing of atoms in a 
ciystal could be utilized, on th(‘ j)rin(‘ipl(? of a gratitig, for the analysis of short 
wave-length (dlier waves, had Ix'en transl.ated mt(» actual practice by the 
Braggs,' an X-ray spc'ctroineter de\is(‘d and the wave lengths of various 
X-rays deterniine(l. Moseley, in 191 1. utilizing a wide varietv of idements as 
targets in the X-i’iiy l)ulb, found that, in a<ldilion to general X-radiation 
wliicli all emitted, each element emitted .\-r.adi.ations charactiM'istic of the 
given eleim'iit. Moseh'v showed that tin* s(|uar(‘ root of th(' fnapiency fin- 
M'l’se wave' length) of a gi\('n .scries of the char.acterislic .\-ray spi'ctra of th<f 
eleiiK'nls constitut(‘d an arithnu'tical progression; the onler of incnaising 
fiaaiLieiicy was that of tin* elements .arranged in the ordm* of their atomic 
weights with conspicuous and significant (‘\c(‘ptions. A mi.ssing (‘Imm'iit in 
the p(*riodic order ga\e a mi.ssing ste|) in the increim'iit <»f the scpiarc root of 
the freipiency In the wlioh' sera's of elena'iits ranging from hydrogc'ii — 1 to 
uranium = 92, fi\e sucli gaps wen' found indicating that five eh'im'nts were 
still unknown in this inteiwal. Oik' of Ihe.M', \o. 72, has since bei'ii found 
(('eltium-llafnium).' Since the X-ray freipa'iicic's involved in Mo.seley’s 
investigations an' jirobably du(' to vibrations arising from eh'ctrons proximate' 
to the nucleus, the addili\ity of tlu' s<|Uan'-root of fh(' fn'eim'iicy, obse'rved by 
.Moseley, indicates or siiggc'sfs that the' charge on the nucleus in a given ('le- 
nient (liiTers from that of the' nucleus of the [in'Cc'ding ('leiiK'iit. in the pi'riodic 
classification by a cmistant and definite' charge. 

Radioactive Disintegration and Atomic Structure: (’onfirmation of this 
conclusion from Moseh'y’s work came from study of radioactiv*' de'cay in its 
relation to periodic classificaf nm. As knowle'dge' of the properties of the ele- 
ments formeal in the sticce.ssivi' stages of radioactive' de'cay became more com- 
plete, it emerged tliat the loss eif e»:-particl('s ami /it-particles by a radioactive 
element corres|)onded to a definite' shift of the' group cla.ssification of the' eh'iiie'nts 
produced in the proce.ss of decay 'I'lie' lo.ss of an «-particle in evrnj case pro- 
duced a shift, two groups io the* h'ft in the periodic table, ddius lladiurn 
(Group IJ) lo.ses an a-])article' to give Radon (Ra. Emanation) Grouj) 0. 
Similarly lo.ss of a ff-particle gives rise to a shift of one grou[) to the right in 
Maff., 21, G4S (1911). 

* PH. Mag., 26, 1024 (lOl.'t), 27, 70:t nOH). 

’ X-rays and ('ry.slal Slructim*. lOla. 

* For a 8unanar> of tin- (lis('us.sion foucnmniK No. 72 sno. ('hnn. ami I ml., 42, 7.S1 (102.4). 
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the periodic table. The change of Radium B, Group IV to Radium C, Group 
V is one illustration of such change (see, in addition, Chapter XXI), This 
important generalization is shared by several investigators: notably Soddy,^ 
Fleck,* Russell® and Fajans.'* Now, since the a-particle is a helium nucleus 
carrying a double positive charge and since the j9-particle is none other than 
an electron, and since, moreover, these particles are certainly ejected from the 
nucleus, it follows that the difference between the nuclei of successive atoms 
in neighboring groups of the periodic table consists in the extra unit of posi- 
tive charge which the heavier nucleus possesses. The atom itself being electri- 
cally neutral, it therefore follows that the extra-nuclear electrons mu.st increase 
by one as the atomic table is ascended. The progressive variation in the square 
root of the frequency of the characteristic X-radiation as discovered by Moseley 
is therefore paralleled by a progressive increase of net positive nuclear charge 
and of extra-nuclear electrons. 

Upon this basis, the assumption is natural that the hydrogen atom consists 
of a proton or unit po.sitive charge of mass = 1 and a negative electron. The 
helium nucleus on this basis will be composed of four protons with two nuclear 
electrons giving the nucleus a net positive charge of two, requiring two extra- 
nuclear electrons to complete the neutral atom. Similarly, lithium nucleus will 
have net positive charge of 3 with three external electrons, beryllium will 
have 4 such, boron 5, carbon C, nitrogen 7, ox 3 ^gen 8, fluorine 9 and so on. . To 
the net nuclear charge or, what is the same thing, to the number of extra-nuclear 
electrons as revealed by the Moseley investigations, the term atomic number 
has been assigned. In the periodic classification given in a preceding section 
the atomic numbers of the elements have been given in addition to the atomic 
weights. 

The Atomic Number and Defects in the Periodic Table: It was shown 
that on the basis of weight classification certain definite transpositions of the 
elements would occur which would not be in harmony with the periodicity 
of properties shown by the bulk of the elements when arranged on a weight 
basis. The transposition of argon and potassium, of tellurium and iodine and 
of cobalt and nickel was noted. When studied by the Moseley method, the 
order of the square root of the characteristic frequencies of these elements 
was such as would be anticipated on the basis of properties and not that ob- 
tained on the basis of atomic weight. Argon therefore has an atomic number 
of 18, potassium 19, cobalt 27, nickel 28, tellurium 52, iodine 53. The answer 
to the query of Ramsay as to the lack of complete concordance in the periodic 
classification was evident and revolutionary. The atomic weight is not the 
fundamental factor in atomic behavior. The properties of the elements are 
a function of their atomic architecture. Atomic weight is a secondary factor 
useful as a guide in the great majority of cases but at fault in the cases just 
mentioned and certain others now to be discussed. 

* Chemistry of the Radio Elements, Part II, p. 2, 1914; Chem. News, 107, 97 (1913). 

* J. Chem. Soc., 103, 381, 1052 (1913). 

* Chem. News, 107, 49 (1913). 

< Phpsikal. Z., 14, 49, 131, 136 (1913). 
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Isotopes: The existence of elements differing in mass yet identical in chemi- 
cal properties was made familiar by the study of radioactive decay. It gradually 
emerged that the end product in the decay of radium was Radium G, radio-lead, 
identical in chemical properties with that of ordinary lead. Moreover, as 
the change in group classification brought about by loss of «- and jS-particles 
became understood, it was further evident that Radium B, Radium D and 
Radium G were all members of Group IV in the periodic cla.ssification. This 
is evident from the accompanying chart. Furthermore, since loss of an 



Fig. 2. Kndium DisinU'nration ScriijK 


a-particlc (helium nucleus) results in a diminution in the atomic weight by four 
units, while the /3-particle change is without influence on the weight, it is 
evident that, by calculation of the a-particles lost in the successive changes. 
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the atomic weights of successive products could be deduced from that of radium. 
Assuming an atomic weight of 220 for radium, that of Ra B becomes 214 
(3 a-particles lost), that of Ha D becomes 210 ‘(4 a-particles lost), and Ra G 
becomes 206 (5 a-particles lost). AH the.se elements have prt)perties identical 
with those of ordinary lead, who.se atomic weight is 207,2, in all properties 
except those dependent upon mass. The ma.sses differ as can be .seen from 
the above examples by so much as eight units (206-214). The eml-product of 
the thorium .series of radioactive elements is likewise a member of Group IV 
analogous to lead with an atomic weight of 208.1. To such elements, identical 
in properties other than those dependent upon mass, the term isolopci^ was 
applied. The conclusions reached upon the basis of calculation from the atomic 
weight of lead and the a-particle lo.ss have been abundantly confirmed by actual 
atomic weight determinations.’ * ^ 

The wide variety of elements produced in radioiictive decay, their similarity 
of properties, in .spite of wide differences in atomic weight, would have presented 
a problem of considerable complexity for periodic classification had not the 
Mo.scley discovery elucidated the true liasis of cla.ssitication and demonstrated 
the secondary importance of the widght relationship. .\11 such isotopes while 
differing greatly in ma.ss are identical in atomic numbcT. Thi'ir net nuclear 
charges are identical. Th(‘y have a common extra-nuclear electronic configura- 
tion. They differ only in the mass of the nucleus. 

Non-Radioactive Isotopes: The existimce of atoms of identical nuclear 
charge but differing ma.sses, outside the range of radioactive materials, was 
demonstrated by the inve.stigations of J. ,1. Thomson and of .Vston on the jwop- 
ertiea of the po.sitive rays from a discharge tube. In the earlier sections, a 
considerable discu.ssion has been given of the electrons liberated from atoms 
by the action of various forms of energy. Little has been stated concerning 
the rc.sidues from such changes, I’ositive rays were discovered by Goldstein 
in 1886 in the discharge of electricity through ga.ses at low pressure. Using 
a perforated cathode he showed that streamers of light were present bcdiind 
the cathode perforations, and assumed that the light indicated the [)resence 
of ray.s travelling in the opposite direction from the cathode rays. From the 
manner of their production he termed them ‘canal strahlen.' WieiU showed 
that they could be deflected by a magnetic field. The detailed investigation 
of their properties was undertaken by J. J. Thomson,'* who gave to them the 
term Positive Ray.s since they were shown to carry a positive charge. The 
rays are produced by ionization of gases at low pressures in a strong electric 
field of the order of 30,000-50,000 volts. They arc the residue.s from such 
ionization proces.ses. 

The method of mea.surement employed by Thomson to investigate tin' 
charge and mass of such rays is known as the ‘ Parabola ’ method. It consisted 

» Rirhiirds and Lenihert, J. Am. Chm. .SV., 36. l.'tJ!) (1914) ; 38, 2013 (1910), 

*Soddy, J. Chem. Soc., 105, 1402 (1911). 

* HoniKSchniidt, Compt. raid., 158, 1790 (1914). 

< WrA. d. Phps. Gcs., 17, ISOS. 

* Rays of Po.Hitive Electrinty, 1913. 
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essentially in allow inp the rays to ])ass through a very narrow tube and then 
in analyzing the fine beam so produced by electric and magnetic field. Under 
the combined influence of aii electrostatic and an electromagnetic field a ray 
will be defiecti'd frinn its normal path and will strike a receiving screen at a 
point X, y, where // '.r is a measure of its velocity and i//x is a measure of m(e, 
the ratio of mass t(t charg(‘. This follows from the application of simple dynam- 
ics to the separate actions of the electrostatic field A' and the electromagnetic 
field // since 

-‘(i) 

and 

!l ^ k' 

in the inanm'r pre\iously demonsfrafed for (he electron. 'I'ln' velocity r of the 
rays may vary liovvev('r over ;i coiisiderabh' range. Ifeiici’, for conslaiit m 
but varialih' r, (Ik' locu'' of impaef of (In' i.ays with (Ik* screen will bea parabola, 
p/''(Fig .’ 1 ) Kav'' of larger mass ni' yield a >imilar 
parabola of "inaller iiiagmdic di^placeimmi 77 '. The 
displacement of the jiarabola'' .along tlie magnetic 
axis fiTat a given value along the electric field give'' 
a measure of the relative' ma''ses since 

w' ^ ipii)- ^ 
m {(in)- 

With one known jiarabola, the mass of all other rays 
can be identified. 

The shar|)ii('ss of the parabolas, obtained photo- 
graphically in this way by ii'-ing a jihotographic 
l)late as receiving screen for (Ik; rays, established 
experimentally for tlii' first time the fundamental 
assumption of the Daltonian atomic theory, that 
the atoms (in these experiments the positive rays) «)f the same element had 
the .same mass. 

A second method of jiositive ray analysis devised l)y l)(‘mi)st('r' causes the 
charged particles to fall through a definite potential diffm-ence. A narrow 
bundle is separated out by a slit and is bent into a semicircle by a strong 
magnetic field; the rays then pass througli a ‘-econd slit and fall on a plate 
connected to an electrometer. The imtential difTerence the magnetic field 
11 and the radiu.s of curvature r determine the ratio of the charge to the mass 
of the particle since 

in IPr^ 



I’m itliula M<‘1 1’otl 



^Phys.Rcv., 
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This method is essentially that used by Classen^ for the determination of elm 
for electrons. 

Aston improved the technique of positive ray analysis by the use of the 
mass-spectrograph illustrated in Fig. 4. Positive rays are Sorted out into a 
thin ribbon by means of two parallel slits, /Si and Si, and are then spread into 
an electric spectrum by means of the charged plates Pi and Pi. A portion of 
this spectrum deflected through an angle 6 is selected by the diaphragm D 
and passed through the circular poles of a powerful electromagnet 0, the field 
of which is such as to bend the rays back again through an angle <f>, more than 
twice as great as 6. The result of this is that rays having a constant ratio mje 
will converge to a focus F. If a photographic plate is placed at GF as indicated, 
a spectrum dependent on mass alone is obtained. 



Aston has recently announced^ his discovery of yet another method of 
mass analysis with the aid of which further determinations of the masses of 
elementary particles have been made. The most significant result of Aston’s 
measurements is the conclusion that the lighter elements also exist as isotopes 
and that, with the exception of hydrogen, the weights of the isotopic elements 
are whole numbers within the accuracy of the experimental method, in most 
cases about one part in a thousand. The results of such investigations to date 
are embodied in the accompanying table. 

Aston’s discovery removes at once the only serious objection to the unitary 
theory of matter which, as has been previously recorded, lay in the deviations 
from whole numbers in the atomic weight tables. Thus, the hypothesis of 
Prout was hardly tenable while exact atomic weight determinations shoM'ed 
the atomic weight of chlorine to be 35.46. Aston’s determinations reveal 
chlorine as a mixture of isotopic elements of masses 35, 37, and possibly 39 
in such a ratio as to give an atomic ^weight of the mixture equal to 35.46. 
Similarly with the other elements deviating from the whole number rule de- 
manded on the basis of a unitary theory. 

‘ Jahr. Hamburg. Wisa. Anst., Beilieft 1907. 

* Brit. Ass. Liverpool, Sept. 1023. Chem.and Ind., 42, 935 (1923). Phil. Mag., 47, 
386 (1924). 
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TABLE II 


Elkments and Their Isotopes 


Element 

Aft)mic 

Nuinlior 

Atomic 

Weight 

Minimum Num- 
lK*r of Isotopes 

Musses of Isotopes in 

Order of Intensity 

H 

1 

l.OOS 

1 

1.008 

He 

2 

3.90 

1 

4 

Li 

3 

0.94 

2 

7, 0 

Bo 

4 

9.02 

1 

9 

B 

5 

10.9 

2 

11, 10 

. . . 

0 

12.00 

1 

12 

N. . . 

7 

14.01 

1 

11 

0 . . . . 

H 

10 (M) 

1 

10 

F 


19.00 


19 

No ... 

lU 

20.20 


20, 22 

Nti , . 

11 

23.00 


2.3 

Mk 

12 

21 32 


21, 2.5, 20 

A1 

13 

20.90 

1 

27 

Si 

11 

2S 3 

2 

28, 29, (.30) 

V 

15 

31.01 

1 

31 

s 

10 

32.00 

1 

32 

(.'I 

17 

35.10 

2 

35. 37 

A ... . 

IS 

39.SS 

2 

10. .30 

K . . 

10 

39.10 

2 

39. 41 

('ll 

20 

10 07 

2 

40. 11 

Sc 

21 

45.1 

1 

15 

I’i 

22 

IS.l 

1 

48 

V . , . 

23 

51.0 

1 

51 

Cr .. 

24 

52.0 

1 

52 

Mn , . . 

25 

51.93 

1 

55 

Fe .... 

20 

55.S1 

(1) 

.50. (.54)? 

Co.. .. 

27 

5S.97 

1 

59 

Ni 

2S 

5S flS 

2 

58. 00 

Cu . 

20 

<>.3.57 

2 

03, 05 

Zn 

30 

05 37 

4 

(>■1, 00, 08, 70 

C,a . 

31 

09.72 

2 

09. 71 

do . 

32 

72.5 


74, 72, 70 

As. . , . 

33 

7190 

1 

75 

Se . 

31 

79.2 

0 

80, 78, 7<;, 82, 77, 74 

Br . 

35 

79.92 

2 

79, 81 

Kr .... 

30 

S2.92 

0 

84, 80, 82, 83, 80 

Rb. . . 

37 

H5.45 

2 

85, 87 

Sr 

3K 

S7.03 

1 

88 

Y 

39 

.SS 9 

1 

89 

Ag 

47 

107.H8 

2 

107, 109 

Sn 

50 

11H.7 

7(8) 

120, 118, no, 124, 119, 

Sb 




117, 122, (121) 

51 

121.77 

2 

121, 123 

1 

53 

120.92 

1 

127 

Xe... . 

54 

1.30.2 

7(9) 

129, 132, 131, 1.34, 130, 

Cs 




128, 130, (120), (124) 

55 

132.81 

1 

133 

Hg 

80 

200.0 

(6) 

(197 -200), 202, 204 
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The discovery of isotopes explains also the remaining defect of the periodic 
classification, the inversion of argon and jiotassium, of tellurium and iodine 
and of cobalt and nickel in the arrangement of 'elements by weight. Thus, 
argon with an atomic weight 39.88 has i.sotopes of weight 40 anti 30, the former 
in predominating amount. Potassium has two isotopes, 39 and 41, the former 
also largely predominating. In nuclear charge the argon isotopes are one less 
than those of potassium as the Moseley investigations reveal. The relative 
amounts of the two isotopes in each case determine tlie inversion of atomic 
weights. The same holds true for the heaviiu* ehunents tellurium and iodine, 
cobalt and nickel. 

Isotopes have identical nuclear charge but dilTor in mass. The isotopes of 
lithium have masses 0 and 7, tin; latter strongly predominant, since; the atomic 
weight is ().94. As the atomic number of lithium is three, it follows that the 
nucleus of IT' must be composed of (i protons' with 3 electrons. That of Li^ 
must contain 7 j)rotons with 4 electrons. Thi> gives each the net positive 
charge of 3 reepiired. The planetary eh'ctrons arelikewise 3 in number. What 
the actual structure of such nuchd is has been the subject of considerable 
conjecture recently;* as yet, however, litth' of a (hdinite nature is available. 
Two hypotheses are being coiisidcurd. According to orn*, the nuclei of atoms 
consist of helium nuclei or a-particles h(‘ld togedher so that their packing effect 
upon each other is small; in the case of atoms not having a mass of 4//, addi- 
tional protons and electrons are sujiposed to be pre.sent. According to the 
second hypothesis, the actual arrangement <ff the protons and electrons need 
not be at all similar to that in a helium nuch'u.s lAidmice from radioactive 
studies on the disintegration of light atoms by the collision of swift a-p;irticles 
seems to favor the former hypothesis. Rutherford and ('had wick liave shown* 
that such collisions produce swift hydrogen nuclei from the atoms of boron, 
nitrogen, fluorine, sodium, aluminium and phosphorus. The.se atoms an' 
elements whose masses are (ff the tyjies la 4-2 and 4a -f 3. The effect was not 
obtained from atoms of the type 4a. ‘ This n'sult suggests that in the atoms 
of this last type the protons are all bound in the form of lielium nuclei. 

The Arrangement of the Extra-Nuclear Electrons: Tittle can be said at 
this stage concerning the arrangement of the extra-nuclear or planetary 
electrons. Two imints of view are to be satisfied in any complete theory of the 
electronic arrangement. On the one hand there is the demand of the physicist 
for a dynamically stable atom which requires the electrons to be in motion in 
orbits around the nucleus. The beginnings of such a theory are to be found in 
the liohr theory of atomic structure. This theory of electrons rotating around 

^ Proton is the naino .su^:^^e.^lod by lluthcrfonl (lirit A>.'5. 1920) for the hydrogen nucieu.'j. 

’ Harkins, Phys. lirr., 15, 73 (1920). 

Rutherford, Proc. Hoy. Sor., 97 A, 371 (1920). 

Gehrcke, Physik. Z., 22, 151 (1921). 

Brosslera, Rev. Chm. 1, 42, 74 (1921). 

• Rutherford and Chadwick, Phil. Mag., 42, S09 (1921). 

‘For later views, see Kirsch and Pettersson, Natuir, 112, 394, GS7 (1923). Bates and 
Rogers, Nature, 112, 435 (1923). 
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nuclei has led to conspicuous success in the interpretation of the spectra of 
hydrr)f(en and to some extent of helium, in the calculations of ionization poten- 
tials and resonance potentials* with its aid, the Moseley law may be predicted; 
it predicted a rehition between the fre<iuencies of lines in two succeeding series 
of characteristic X-radiation such as the K and the L series. The theory em- 
ploys the (juantum theory of radiation and so its ihdailed discussion may well 
be deferred until this chapter in the d('\(‘lopment of modern chemistry is 
prc'sented. 

The facts of chemistry, of vah'iice and (»f stc'reo-chemical relationships 
d(‘m:ind, on tlu* other hand, that th(‘ \alence <‘l('ctrons be f»roup('d in certain 
p(jsi(i(ms of (‘(piilibrium about th(' atomic nuch'iis This, the chemical attitude 
to the jiroblem, has ^iven rise to static or senu-static electron contij2;urations 
of which the most notable discussions are tliosi' of Li'wis,* of Kossel '^ and of 
banj^muir.’ 'I'liese tla'orii's also mav wi'll be discaissed in conjunction with the 
th(‘ory of th(‘ Bohr atom since then' sci'nis now to be a possibility of reconcile- 
ment betwi'i'ii till' two ('xtreme \iewp(unts and a fji'iii'ral tlieoiy possible^ to 
cover all case^. The sidution of the pioblem is important. Tin' chemist can- 
not fail to remember that all the facts of his sck'Iici', all the multitudinous 
compounds with which he deals, all tia* \arious propi'rlh’s which lu' assij^ns 
to his ('leiiK'nls and compounds are, with the (‘xception of lhos(' factors dc'li- 
nitely related to mass and t lii'n'fore t<t t he nucleus, to be ascaabed to the various 
|)ermutations and C(unbinations of the ext la-niiclear electrons. 

Applications of the Atomic Concept: d'his conci'pt of atomic inake-uj) of 
matter, as devi'lopi'd m the pr(‘cedin}>: si'ctions, is the concc'pt which is to be 
harmonized with the fundamental factors of theoretical chemistry. We sliall 
see that th(' atomic concept is at the root of our theories of the gaseous, li(juid 
and solid states It will be shown how the kinetic tla'ory of such states of 
aKfUreKatioii is in accord with the kmtwn jihysical properties of matter in those 
states. The cla'iiiical properties of matter in so far as the.se deti'rmine chemical 
(‘(juilibrium, honio^U'iieous or lii'leroneiieoiis, can be correlati'd wath our ideas 
of atomic stnictun'. Indeed, it is on the basis of afomistics that the laws of 
chemical eiiuilibrium were de\elop('d. 'I'la* laws of leactioii spi'ed are likewise 
based upon the conception of atoiiiK’ and imdecular units. 'Fhe atom in its 
modern de\ elopim'iil is in harmony with the known facts of I'lectrolytic dis- 
sociation and of th(* e(piili))num as'^ociated with such di.ssociation proce.s.ses. 
The laws of surface chemistry, t he <lomain of colloidal phenomena, are becoming 
the more understandabh* by the approach from the* atomic and molecular 
viewpoint. Tlie relationship between physical propertic's and molecular con- 
stitution, lonp; known to be intimate, is yet more intelligible upon the basis of 
modern theories of atoms and molecules. In tla* domain of jihotochcmistry 
there apjiear to be grounds for belief that th(‘r<*in lie's a held where atomic 
behavior may be clo.sely connect (*d with the energy content which the body 

' J . Am. Chi Vi Sue., 38, 7(>2 (lUKi; 

2 Ann Phy-sik , 49, 22t> (1010). 

» J Am. Cfu-m. Soc.,01, ,S0.S, ir>i;i flOlO), 42. 274 (1020;. 

* Bohr, NoIhjI Prize .\dUrcs'-, Salurr, 112, July 7 (I02.'t). 
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receives by radiation. The quantum theory of radiation may yet serve as the 
bridge connecting matter and energy in a more unified whole. It is not possible 
to elucidate all the relationships of material things by sole reference to material 
content. Side by side with the kinetic viewpoint the conclusions from the study 
of energy changes, the realm of energetics, must be placed. In the intelligent 
use of both, atomistics and energetics, progress will the more surely be achieved. 



CHAPTER II 


THE ENERGETICS OF CHEMICAL CHANGE 

BY IlUOIl S. TAYLOR, D.So., 

Professor of Physical Chenn>)lry, PmurUm Univers.ly, X, J. 


It is not possible completely to define any system by sole reference to the 
material content of the system, its atomic or molecular constituents. Asso- 
ciated with matter, independent of the fixed and unchangeable attrilHites of 
mass and form, are other properties which change with circumstances. Thus, 
for example, the temperature, jiressure, heat content, motion, electrical po- 
tential, color may vary, without variation in the actual atomic or molecular 
content of the system. The properties of a copper rod when hot differ from 
those of a cold rod, those of a metal at high electrical potential from those of 
a metal uncharged. Motion and jiosition conv(‘y definite properties to matter 
as can be illustrated by moans of a rifle bullet or an avalanche. Kyen at a 
constant temperature the form of matter may vary, (laseous, liipiid and solid 
mercury either separate or coexistent are possible at a given temperature. 
The compression to which a given system is subjected may determipe the 
changes which such a system will undergo. Thc.se variables, to which all forms 
of matter are subject and from which they cannot be entirely dissociated, are 
all energy variables of material things. 

Every variation in the properties of a given species of matter is to be at- 
tributed to a variation of one or more of .several energy variabh'.s. These 
energy variables are convertible one into the other, matt(*r being the medium 
whereby such conversion is effected. Tims, heat energy is convertible into the 
energy of motion, the increased motion of the particles receiving such heat 
energy. Conversely, motion may be converted into heat energy by friction as 
was emphasized by Count Rumford in his inquiries concerning the heat re- 
sulting from the boring of cannon, or as demonstrated by Davy in the produc- 
tion of water by the friction of ice. Electrical energy can be expended in the 
production of heat energy or in the production of chemical change whereby 
chemical energy may be produced, (/hemical energy is the source of most of 
our heat energy and is an instrument in the production of electrical energy. 
Many chemical actions are productive of light or may be made to produce it 
by way of other energy forms. This interchangeability of the forms of energy 
suggests therefore that energy, like mass, may be indestructible, but multi- 
form or protean. Before, however, this concept of interconvertibility of energy 
can be examined in its quantitative aspects, the method of definition of energy 
must be examined in some detail. 


33 



34 


A TREATISE ON PHYSICAL CHEMISTRY 


The Definition of Energy: Every change in the condition of matter is to 
be ascribed to the operation of one or other forms of energy. The energy is 
composite of two factors, an intensity factor an‘d a capacity factor, and is, 
indeed, the prothict of these two factors. The intensity factor is the measure 
of tlie resistance offered to the change of condition resulting from the operation 
of the energy. Tlie energy can only operate when this resistance is either with- 
drawn or overcome. Such an intensity factor tending to produce a change is 
known as a force. A force, overcoming a resistance to an extent which we may 
designate as the capacity factor, performs work, expends energy. With a given 
force, the energy expended or the work performed varies directly as the capacity 
factor. In the prodyciion of motion the energy expended depends, therefore, 
on the force required to produce motion against the resistance and on the 
distance through which the object acted upon is moved. In the raising of an 
object of mass m against gravity, g, through a height h, the force exerted in 
opposition to gravity is mg and the capacity factor is the height h. The energy 
expended becomes, therefore, the product mgli. In the production of a volume 
change dv in any body against an external pressure p, the intensity factor or 
force, {), acts through a volume dv which is the capacity factor; the work done 
or energy expended is the product of the two factors, pdv. All energy changes 
of whatever form may be similarly resolved into two such factors. 

The unit of energy in the e.g.s. system of units is the erg. It is the energy 
associated with a force of one dyne acting through one centimeter. A dyne is 
the force which, acting for one second on one gram, produces a velocity of one 
cm. per second in the body upon which the force is impre.ssed. It is related to 
the action of gravity upon U mass. (Iravity produces an acceleration of 980.0 
cm. per sec. when acting upon a mass at sea-level and 45® latitude. The weight 
of one gram diiided by g = 980.0 cm. per sec. is equivalent to one dyne. If 
the pressure of the atmosphere be defined as the pressure of 700 mm. of mer- 
cury under standard conditions, it may be expressed in dynes per s(}. cm. 

I atmos, = 70 X 13.59 = 1033.3 grams per sq. cm. 

= 980.0 X 1033.3 = 1013300 dynes per sq. cm. 

The First Law of Energetics 

The Mechanical Equivalent of Heat: The first statement of the equivalence 
of heat and mechanical work is to be attributed to Mayer, 1842, who also at- 
tempted to ascertain the proportionality factor connecting the two energy 
quantities. Carnot (died 1832), in a posthumous publication, enunciated the 
same principle: "Heat is simply motive power or motion which has changed 
its form, for it is but a movement amongst the particles of a body. Whenever 
motive power is destroyed, an equivalent quantity of heat is produced; and, 
reciprocally, whenever heat is destroyed, motive power is developed.” Mayer 
calculated the work involved in the expansion process when the specific heat 
of a gas is measured at constant pressure, this work, w, being then equated to 
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the difference of the ,*<1)00150 heats at constant pressure and oountant •volume, 
Cp — Cp by the proportionality factor ./, the mechanical ecpiivalent of heat. 

w = J{Cp — c„). 

Tlie assumption involved in this calculation, namely, that liwit energy and 
mechanical cneri«;y are eciuivalcnt, received its first experimental test by Joule, 
1843-1880. He measured the heat produced q by most divergent mechanical 
processes and showed that in each case the proportionality factor, J, was 
approximately constant, 

w — Jq. 

Jotde’s experiments included the following: 

(1) The lu'iit itrixliicecl when %iin(ni^ lujuids, water, oil aiid mereuiy, were stirred was 
eonipared with the work iioolvcd iii )Ho(lii<’m>? the stiiriiiK 1).\ falling weighl*^. 

(2) The heat ]>rodneeii in a eoil of wire 1>.\ induetion euirents wt up hy rotation of the 
wire In'tween tin* jiolen of an cleeiioinagia-t was coiniiared witli the work done by falling 
weights in rotating the coil. The heat piodueed was measured by the rise in temperature of 
water in which tlie coil was lot.iled 

(,3) The heat luodueed b.\ eomiiression of water through narrow openings or capillaries 
was eomi>ared with the woik te(|uircd to diive th<‘ water thiough the oiienings or capillaries. 

(1) 'I'ho h(‘at produM'd by I'omptevsnig an to 22 atniosi>heres was eomjiiired with the 
woi k of eomjniwsioii. 

{C)) 'I'lie heat piodueed b\ the pa^sagi' of an ehaUrie eurnuit through a eoil of wire. im- 
mersed in a ealoi imetnc lluid w as eumparod with tin* energy of the cuirent ootiHUiiii'd. 

Jmilo concluded Unit “772 lbs falling out* foot would heat ii j)ound of wtitcr 
one degree.” 'rrniisformed into modern units Joule’s measurements gave 
approximately 

./ - 117 X 10^ (Tgs per 15® od. 

Tlu' fact that independent methods of producing heat ^ave clo.sely concordant 
values for J coustituttal tin' ilesired jiroof of the hiw of etpiividimce of heat 
energy and mechanical energy. 

These early measurements have been repeated tit intervids with greater 
refinements of techniipp'. Howland (187!)), Miculescu (1892) and Reynolds 
and Moorby (I8!)S) have (hderinined .7 by tin; water-stirring im'thod. Greater 
accuracy is achieved with tlie (‘hadric heating method, which htis been employed 
by Griffiths (1893), Schuster and Gtinnon (1895), ( allendarand Barnes (1902), 
Dieterici (1905). The former method gives a mean value 

1 (15°) cal. = 4.1829 X 10^ ergs » 

in good agreement with the determination of Miculescu, namely, 4.183 X 10^ 
ergs.' By the electrical method the mean value is 

1 (15®) cal. = 4.1809 X HT ergs'^ ^ 

' .V. VV. Smith, U, S. Wctilhfr Renew, 35 , 4.58 (1907). 

* W. Smith, Rhys. R(r., 33 , 173 (1911). 
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when the electromotive force given by the Weston cell at 20® C. is defined by 
international agreement as 1.0183 volts. The average of these two determina- 
tions gives 

1 (15®) cal. = 4.182 X 10' ergs. 

Assuming that, with the new definition of electromotive force just mentioned, 
the volt-coulomb = 1 joule = 10^ ergs, it follows that 

1 (15®) cal. == 4.182 joules; 1 joule = 0.2423 cal. 

Since a pressure of 1 atmosphere = 1013300 dynes per sq. cm., 

1 cc.-atmos. = 1013300 ergs = 0.10133 joules. 

For a perfect gas, it will be shown that the fundamental equation connecting 
pressure, volume and temperature is, for one mol, 

pv = RT, 

where R is the gas constant. On the absolute temperature scale, 0® C = 273.1®. 
For one mol of gas under standard conditions the accepted value of y = 22412 
cc. Hence, 

_ 22412 X 1 . 1 

^ = 32,07 cc. atmos. per degree. 

273 


When transformed into the units of heat energy with the data already supplied 

R = 1.9885 calories per degree 
or 

R = 8.316 joules per degree. 

The Law of Conservation of Energy; This law, the first law of energetics, 
of which the equivalence of heat and mechanical energy is a special case, was 
definitely enunciated by Helmholz in a publication “Uber die Erhaltung der 
Kraft,” ^ 1847. In this contribution, Helmholz demonstrated that the law of 
equivalence of heat and mechanical energy was a direct consequence of the 
century-old experience of investigators that it is impossible to produce a 
perpetual motion machine which, without expenditure of energy, shall produce 
energy. Definite proof of the impossibility of constructing such a machine 
cannot be achieved. It is necessary to rely upon the cumulative experience of 
investigators that the search for such a machine is fruitless. Furthermore, 
by assuming the impossibility of perpetual motion of this type, conclusions 
may be drawn which may be verified and, in their turn, be employed for the 
discovery of further facts or laws. Thus is attained the definite and general 
belief as to the truth of the fundamental law. 

Helmholz pointed out that if the mechanical equivalent of heat were not an 
invariable quantity, it would be possible by suitable coupling of two processes 


^ Oatwald’i Klcuaiker, No. 1. 
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of energy transformation, heat into mechanical work, to arrange that the heat 
produced in the stage of energy consumption should be more than sufficient 
to produce, in the second stage of the process, the same amount of energy as was 
consumed in thfe first stage. A perpetual motion machine would result. Heat 
energy would be continuously produced without the expenditure of any other 
energy form. The impossibility of such a perpetual motion machine compels 
our belief in the exact equivalence of heat and mechanical energy. Helmholz 
concluded therefore that; “In all processes occurring in an isolated system, 
the energy of the system remains constant.’* 

The energy of a system is a function only of the state of the system at the 
given moment irrespective entirely of its past history, the manner or method 
of its origin. It is especially to be emphasized that this independence of past 
history refers only to systems whose identity is complete in all except the ele- 
ment of time. It is not enough that the atomic or molecular make-up shall 
be the same, for this may bo secured even though the energies of the systems 
differ widely. Thus, for example, stick lead and electrolytic lead might be 
identical as to atomic content, pressure, temperature, volume and the like, 
but be different in energy content by reason of state of division, size of crystal 
and the like. Only in this wise can it follow that the energy change accompany- 
ing a transformation shall be a function only of the initial and final states of 
the system independent of the path between. For, if it were possible to effect 
a change in any system from state A to state B such that the energy change 
involved was dependent on the path by which the change was achieved, 
it would again be possible to construct a perpetual motion machine. All 
that would be necessary would be that one such method of cj)nducting the 
change could be reversed, 'rhen, by a suitable coupling of two processes, 

A-^ Bhy path I, 

B A by path II, 

if the energy produced in path I were larger than that consumed in path II, 
the system would be, on com|)letion of the reverse process, in its initial state 
and a surplus of energy would he available. By repetition of the process, 
energy could be continuously produced— a perpetual motion would bo possible. 
This is denied by luiman experience as embodied in the first law of energetics. 

The Internal Energy of a System; The change from state A to state B 
of a given system is therefore accompanied by a perfectly definite energy in- 
crement which we may designate by A (7 and define by the expression 

AU^Un- Ua. 

In such case, Un and Ua represent the energies of the system in states B and 
A respectively. They may be more definitely designated as the internal 
energies of the system in the two states. They are energy quantities of un- 
known absolute magnitude. They include the energy resultant from such 
factors as motion of the molecules, position of the molecules, molecular at- 
traction, intra-molecular forces, intra-atomic vibrations, chemical and other 
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unascertained forces. While, however, the absolute magnitude of such internal 
energy is not ascertainable, the change in such is definite and unchangeable 
for any given process of change. 

Any such change in the internal energy of a system can only be achieved 
with a simultaneous change in the energy of surrounding systems, since the 
law of conservation of energy mud be obeyed. An inerement in internal energy 
of the system is secured, therefore, at the expense of a decrement in the energy 
of its surroundings. A decrement in the internal energy results in an increase 
of the energy of its surroundings. If we consider any process of change from 
state A to state B, whereby an increment of internal energy AU - Ur — Ua 
occurs, which results in the abstraction of heat, q, from the surroundings and 
simultaneously the performance of external work lo by the system on the sur- 
roundings; then, by application of the law of conservation of energy, 

A(7 - q — w. 

It has been shown that At/ is a perfectly definite ciuantity for any given process, 
dependent only on the initial and final states, A and B. Tliis is not true of 
either q or w. According as the experimental conditions change, q or w may 
both vary. Thus, if the i)rocess be carried out at constant volume and no 
other energy factors than those of mechanical energy are involved in the 
external work performed, 

w — i). 

In such circumstances 

AC/ = 9, 

the whole increment of internal energy is secured at the expense of the heat of 
the surroundings. Ordinarily, processes are conducted, not at constant volume, 
but at constant pressure. In such case, a ])rocess will in general be accompanied 
by a volume change. The external work done by the system on the surround- 
ings will be 

v{vr - Va) = p.Ar, 

p being the prevailing pressure, Ac the increase in volume of the system during 
the change from state A to state B. The heat q abstracted from the surround- 
ings will be increased by an amount equal to the quantity pAe, since 

7 =AC/ + ie = AC/ + pAv. 

Conceivably the process may be conducted so that heat is neither gained nor 
lost by the system. Such a process is known as an adiabatic process. The 
quantity q is then zero. The work performed by the system on the surround- 
ings must then be done at the expense of the internal energy of the system, or 

AC/= - le. 

It will later be shown that the quantity iv may bo composite of several forms 
of energy including mechanical, electrical, radiant energy and the like, and 
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that, furthermore, the magnitude of such work performed may vary with the 
mode of conduct of the j)rocess. 

It is thus evident that wliile U, the internal energy of the system, is a 
single-valued function of its several variables, pressure, temperature, volume 
and the like, dependent only on its state at the moment, this is not true con- 
cerning the quantities q and u\ Whereas the small change of internal energy, 
dV, has the properties of a complete dilTerential, 


fill = dx -I- — d}/ -f — d- • * 
ax oy 02 


where x, //, c, etc., arc the .several variables, the same is not (rue of the heat 
ab.sorbed or external work performed by the system when such change in 
internal energy occurs. These may vary extremely, provided always that the 
law of energy conservation is satisfied, 

AV — q — w. 

Idle ([uantities q and ic an' d('pendent ffditrly on the path by which the |)rocess 
is acliieved. 

The Heat Content of a System: Returning now to consid(‘nition of a 
process involving an increase in internal energy, heat absorption from the 
surroundings and a volume change i'\ to vn against a constant external pres- 
sure p. The first law of energetics ileinands that 

AU = Un - Ua = q - pivii - 

This may be transformed thus: 

{Vn A- pvii) - {Ua + pv^) = q. 

Ill this caM' the heat, 7, absorbed by the system is cviilently defined by the 
initial and final states of the system. If we define a (piantity 

H = U + pv 

and term this (luantity, //, the heat content of the system, the equation becomes 

Hn -HA = q=^ AH. 

It will be noted that the (piantity AH, like AU, is dependent oidy on the 
initial and final states of the system. The heat content of the system, //, like 
U, is a single-valued function of its several variable.s. 

The Heat Capacity of a System: We may define the mean heat cajiacity, 
c, of a system between two temperatures as the (piantity of heat nec(^ssary 
to raise the system from the lower to the liigher temperature divided by the 
temperature difference. 
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Since the heat capacity is known to vary with temperature, the true heat 
capacity at a given temperature may be defined by the differential expression 



The heat capacity may be determined either at constant volume or constant 
pressure, the magnitude of the heat capacity being dependent on the mode of 
experimentation. In the determination of heat capacity at constant volume, 
none of the absorbed heat is employed in the performance of external work. 
Hence, the heat absorbed, q, is equal to the increase in internal energy. We 
may, therefore, define heat capacity at constant volume per mol. of substance 
by the equation 

-(SV 

At constant pressure, since 

q = AU -f w, 

the heat absorbed to produce a given rise of temperature will be greater by 
an amount equivalent to the external work performed by the system on the 
surroundings. Hence, we may define the mean heat capacity at constant 
pressure thus: 



and, for the true molecular heat capacity at constant pressure, 



The Heat of Chemical Reaction; Chemical reactions are in general accom- 
panied by absorption of heat from or evolution of heat to the surroundings; 
they are either endothermic or exothermic. For a reaction occurring at con- 
stant volume, the heat absorbed or evolved is equal to the change in internal 
energy of the system, since no external work is performed. Hence — AU 
is a measure of the number of calories evolved in the reaction, or, in other 
words, a measure of the heat of reaction at constant volume. A thermochemical 
result of this type may be illustrated by the equation 

CO + HaO = COj + Ha + 10500 cals. 

Hence 

At/ = ~ 10500 cals. 

For reaction at constant pressure, p, accompanied by a volume increase. Ay, 
the heat absorbed, q, is equal to the increase in internal energy plus the ex- 
ternal work performed, 


q-AUA- pAv = AH. 
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.At constant pressure, therefore, ~ AH is a measure of the calories produced 
in the given reaction, 

C + O 2 = CO 2 -f 97000 cals; AH = - 97000 cals. 

TheConstancyof the Heat of Reaction: Hess’s Law: Since, in any process, 
both quantities A [7 and AH are dependent on theinitia! and final statesof thesys- 
tem only and are independent of the path between, it follows tliat both the heat 
of reaction at constant volume and that at constant pressure, being numerically 
equal but opposite in sign to the increase in internal energy, AU, and that of 
heat content, AH, respectively, must also be defined by the initial and final 
states of the system indej)en(lent of the path taken. In other words the heat 
evolved in any chemical reaction is independent of the manner in which the 
reaction is acliieved wlietlicr in one or many steps. Thus, in the combustion 
of carbon to carbon dioxide the heat of reaction at constant pressure, — AH\, 
is equal to that for the two-stage process : (a) carbon to carbon monoxide, — AH 2 , 
(b) carbon monoxide to carbon dioxide, - A/fj. Thus, 

C d- O 2 = CO 2 ; -A//, = 97000 cals., 

C + 5 O 2 = CO; -AH. = 29000 cals., 

CO + ^^02 = CO 2 ; -A//, = G8000 cals., 

-A//i= (-A// 2 ) + (-A//,). 

This consequence of tlie first law of energetics, which as will be shown later 
(C’hapter VI) is of great utility in the science of thermochemistry, was first 
enunciated by Hess in 1(S40, prior to the formulation by Mayer and Joule of 
the law of conservation of energy, of which it is a special case. The law forms 
the theoretical basis of the classical exiM'rimental work of Thomsen and Berthe- 
lot on the thermal magnitudes of a wide variety of chemical compounds. For, 
the law of Hess involves as corollaries a number of useful conclusions. Thus, 
the heat of formation of a compouml must be indepemlent of the manner of 
its formation; the heat of reaction must be indejrendent of the time consumed 
in the process; the heat of reaction must be ecpii valent to the sum of the heats 
of formation of the products of the reaction less the sum of the heats of forma- 
tion of the initial reactants. Tlie experimental methods of thermochemistry, 
the details of typical results obtained and of the methods of calculation will 
be given in a succeeding chapter (Chai)ter VI). 

Heat of Reaction and Temperature: Kirchhoff’s Law: The heat of reac- 
tion of a given process varies with the temperature, the mode of variation of 
which may be elucidated by consideration of a given proce.ss, 

B, 

occurring at two temperatures T and T + (IT differing infinitesimally. For 
simpbeity let the several processes be assumed to occur at constant volume. 
In tbe first place the reaction may be assumed to occur at temperature T 
whereby q calories of heat are yielded to the surroundings. The system B may 
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now bo raised from T to T -Y dT. This will require absorption of heat by the 
system equal to (\'jIT, where C/ is the heat capacity of the system R at 
constant volume in the given small temperature irtterval. In the second place, 
the process may be achieved by another path. The system A may be rai.sed 
from T to T + dT whereby analogously the heat absorbed will be Cv.dT. 
The reaction A to B may now be conducted at the temperature T + dT 
whereby a heat evolution equal to q + dq calories occurs. From the law of 
conservation of energy, the heat change from A at temperature T to B at 
temi)erature T + dT is independent of the path by which it is achieved; 
otherwise, a per{)etual motion machine could be realized. Hence, assigning 
j)ositive values to heat absorbed by the system and negative values to heat 
given to the surroundings, we obtain by equating the two modes of procedure 


whence 

or 


- q + C,'dT - C\dT -(q + dq), 
dq = {C\ ~ c;)dT 


dq 

dT 


Cv 


- CV. 


Since, at constant volume, q, the heat evolved in a process is equal to - AH, 
we may write the e(iuation 


d{MI) 

dT 


= - (\ = A(^„. 


In a similar manner it may be shown that (.see C'hapter \'l), operating at 
constant pressure instead of at constant volume. 


d(A/ /) 

dT' 


= Ar„, 


where AC,, rej^resents the heat capacity of the products less that of the re- 
actants. The temperature coeflicient of the heat of reaction under any cir- 
cumstances is therefore e(]ual to the change in the heat capacity which the 
system undergoes in those circumstances. This law was first deduced by 
Kirchhoff ‘ in ISoS. It is applicable alike to chemical reactions and to all 
those proce.s.ses such as fusion, vaporization and the like which we more usually 
term physical ])roce.s.ses. More recently the applicability of the huv in cases 
of sub-atomic nature has been demonstrated. 

The Thomsen-6ertheIot Principle; An Erroneous Concept of Chemical 
Affinity: The idea underlying the comprehensive investigations of Thomsen 
(1854 onw'ards) and of Berthelot in the domain of thermochemistry was the as- 
sumption that the heat of reaction was a direct measure of chemical affinity. In 
the words of Berthelot, “every chemical change which takes place without the 
aid of external energy tends to the production of that system which is accom- 

‘ PooO’ Ann., 103, 454 (1H58). 
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paiiied by the development of the maxiiuuin amount of lieat.” ThivS principle is 
wroiif?. Many rea^ons may he adduced to prove its incorrectm'ss. If the prin- 
ciple were true, only exotliermal reactions could take place unless external energy 
were simultaneously utilized For, emhdhermic naictions would indicate a 
negative affinity or a r('i)uIsion. The existence of endothermic reactions Inid, 
therefore, to he e\))lain(‘d by the proponents of the theory by assinnption of 
the operation of secondiiry i)hysi(‘al factors. Thus, the spontaneous solution 
of many salt^ in water, frecpumtly endothermal, is .apparently a (‘ontradiction 
of the Thomsen-llerthelot j)rincij)le. It was ‘'explained’’ that although the 
net observed lieat efTect was m'gative, the positive* value, due to the aflinity 
proper, was masked by second.ary thermal magnitudes dm* to physical changes, 
e.g., the change of the solid salt to the fluid condition in solution. Such assump- 
tions, impossible of test by measurement, only .served to ceunplicale what is, 
as will be shown, a ve'ry simiih* (piantity, tin* cluunical aflinity of a system. 
The Thonisrii-Berthelot prineiph' implied, nioreeiver, tluit reactions should 
ju'oceed to conijih'tion in that din'ction in which ('Xedlu'rmicity was d(‘V(‘loped. 
This had Ikm'ii defiidte’ly dispro\('d by the* re.searche's of Hertliollet at the be- 
ginning of the ninett'enlh cciitury, the conci'pt of b.alanced actions becann* 
indi^pi'iisable when the Law of Mass Action was put forward by (luhllx'rg 
and Waage in IMiL Halanci'd actions mikI <*(piilil)rium involve I la* simiilt.aiK*- 
ous occurrence of exot hi'mial and endothermal changes .at om* and tla* same 
ti'inperaturc'. 

It will emerge in the subseipii'iit discussion that the heat of reaction is not 
the true t herinodyiiamic criteiion for clu'inical ri'actioii. On tin* c.ontrary, 
the changi' of fo'c energy, the c.apacitv of the system to do chmnic.al, <‘l(‘ctrical 
or mechanical work will lx* sIkovii to be the corr<‘(;t nu'asun* of th(' driving 
force of !i M'actioii In C('rtain spiaial, but accidental, case's, the heat eif re- 
action and the frei* energy of the proce'ss mav b(‘ eepial. In the majority of 
case's this will not lx* tnu' d'o demonstrate tlu' correct n'lationshij) b(‘tvv(‘en 
these two magnitudes tlu' liist I.aw of energetics is insullicient New limitations 
on the Coin ('I’tibilit y of em'igy must first b<* diseaissi'd and tlu’se will lead to a 
.second law of eiH'rgetics. lu the' meantiiiu' it may be emphasized that the law 
of conservation of ('iiergy gives no inbirmation as to tlu' (lii'ctiion of ('iiergy 
changes It onlv insists that, wliatever the elirection of change', no ('iiergy 
shall b(' lost (jr gaiiu'd by the system taken as a whole. 


Ai’I’LK'vtjons ok thk Fikst Law to (Iahks 
The Internal Energy of an Ideal Gas: It will be sliovvn subseepiently that 
in general a gas may be d('(m(*d by reference to two of the three variable's, 
pressure, volume and te'mperat un', any two of which wall give the third a 
definite value. Since the internal energy of a substance is a function of its 
state at any given moment, it follows that the small change in internal energy 
dV of such a gas may be ('Xjin'.ssed by an equation of the form 


dv dv 
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If now the temperature change accompanying the expansion of a gas in a 
thermally insulated system (i.e., </ = 0) against zero pressure (i.e., pdv — 0) 
be determined, such a temperature measurement will yield information rela- 
tive to the change of internal energy with volume. This experiment was 
first carried out by Gay-Lussac and later by Joule, by allowing the gas from 
one vessel, I, to stream into an evacuated vessel, II, until pressure equilibrium 
was established in the complete system I + II. By having the system immersed 
in water in a calorimeter any temperature variation could be noted. The 
first experiments of this type led to the conclusion that dT was equal to zero. 
It was therefore concluded that, for such a system, 



It follows, therefore, that for all such gaseous systems as would give this ex- 
perimental result the internal energy would be independent of the volume, 
dependent only on the temperature of the system. 

More accurate measurements, subsequently performed by Joule and Thom- 
son (later Lord Kelvin), established the fact that this conclusion was incorrect 
for all real gases, but that it was approached the more closely the more the 
gas approached a condition of ideality. The lower the initial pressure in vessel 
I, or the higher the experimental temperature T, the more nearly did dT ap- 
proach zero and therefore the more nearly did dU/dv approach zero. 
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The real thermodynamic criterion to be fulfilled by any ideal gas may be 
learned by a study of the experimental method employed by Joule and Thomson 
to determine the temperature changes accompanying an expansion of a real 
gas. The change from a high pressure pi 
to a lower pressure ps was made to occur 
slowly by interposing a resistance to the gas 
flow. A porous plug divided the region of 
high pressure from that of low pre.ssure. As 
the gas passed through the plug under compression on the high pressure side, 
Pi, the volume on the low pressure side was increa.sed. Diagrammatically this 
may be illustrated in Fig. 1. 

The work done on the gas at high pressure pi for a gram mol. of the gas at 
volume Ui compre.sscd through the plug is obviou.sly piVi. On the low pressure 
side correspondingly the work done by the gas on the surroundings is p 2 Vi. 
Now if Boyle’s Law be obeyed by the gas in quc.stion, 

PlVi = P2V2, 

it is evident that the system jis a whole has performed no external work, 

w = 0 . 



In a thermally insulated system q also is equal to zero. Under such circum- 
stances 

Whence, if dl’ = 0, it follows also that 

=0. 

\ dv Jt 

Hence an ideal gas may be defined thcmodynamically as a gas fulfilling two 
conditions, 



(6) pv ~ constant. 

Real Gases: The Joule-Thomson Coefficient: P’or real gases, in general, 
Pii'i will not be equal to p^v^. The external work performed by the system as 
a whole upon the surroundings will be 


P2V2 — piVi = w. 

According to the first law, for a process without heat absorption, a so-called 
odiahatic process, 

AC/ = Ui — Ui = — M? = p\Vi — piVi. 


Hence 


U2 + P2V2 = "b P\V\. 
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This equation may be transformed into 


since 


//2 = //l, 
11= U + PV. 


The free ex|)aiision of a real j!;as occurs, therefore, not witli constant internal 
etierj'y IJ but with constant heat crintent H. The Joule-Thomson coeffi- 
cient is therefore definable as the change in temperature produced when the 
gas expands at unit pressure dilTcrential and constant heat content, or math- 
ematically 



The Joule-Thomson coefficient for a number of gases under stated conditions 
is given in the following table. 

TAHLK I 

.1 ( n M J'.-'r H ( )M so N ( ’<j i: M- 1 ( ’ 1 1 ; N rs 






= - at Pi(" 
P 

sure.s 


(ins 

1° C. 

0 0 


10 

15 

40 atm. 

llydroKon .... 

0 8 

-0 0.30“ 






90.1 

-0 04 1“ 





(''iirhoii Dioxidi! 

0 

1 .35“ 




1.40' 


20 

1.11“ 

1.21'* 

1.31'' 

1..37'' 

1.2(K 


10 

0.90“ 




1.04' 


100 

0.02“ 







P = 0 

2.) 

50 

100 

150 Kr. cm. 2 




0. 14 

0.10 

0.3 

0.28 

0.18 


0.0 

0 27 

0 25 

0.21 

0.19 

0.10 


49 

0.20 

0.18 

0.17 

0.15 

0.12 


J.iO 

0 09 

0.09 

0 07 

0.00 

0.05 


2.')0 

0.02 

0.02 

0 02 

0.01 

0 01 



P - 1 

4.> 

0.1 in. Hr 



.Alt' 

0 

0.399 

0.378 

! 0 3.59 




50 

0.298 

0 278 

0 270 




100 

0.221 

0.210 

0.213 




** Joule-Thomson. 

^ Natnnson, iroft. .Inn., 31, ~t02 (1887). 
« Kestor, Pn'., 21, 200 (lOOo). 

J Nooll, Foisrh. Athntm N.i. 184 (1910). 
^ Ho.xton, Phys, Iia\, 13. 438 (1919;. 
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Now since in the free expansion of real j^ases, // = U + pV is constant, 
i.e., dll — d{U yjV) = 0 and since II is also a single-valued function of 
any two of the variables, and T, that is, 



it follows that, since dll - 0, 



In other words the magnitude of the Joule-'rhomson eoeflicient is determined 
by the variation in tin' (|tiantily II with presMjre at constant t(’m))('raturo 
since (\ is a d('tinite numerical (|uantily. 

rin' variation of II with pri’s^nre is determined by the respc'ctive variations 
■ of L and prof wliich the ({uantity II is comi)os(*d. For tin* majority of gases, 
with hydrogi'ii and helium as e\(*(‘ptions, it has Im'i'u expc'rimentally di'termined 
that, with increasing pressure ami at constant temperature, the product pr 
at fir''t decrea''es and then im*r(*ases. hor mod('rate pressun's, tln'ri'fore, p->v-i, 
the ])ressur('-volume product on tin* low pressure side of the plug, will be greaU^r 
than p,r, for all gase^ excepting hydrogen and helium. Hence, in the jmrous 
|)lug experiment, tin' net (‘xti'rnal work dom* l)y the systi'in upon tin* surround- 
ings will be posit i\e at nuxlerate j>r<'ssures for all gas(*s except hydrogen and 
helium. In an adiabatn; sN’sti’m cooling would tln'refore occur At higher 
pressures, when jir has increased sulhci(*ntly with increasing pre.ssure, 
will b(' less th;in ]>]V] and the I'lTect of ih»yl(‘’s Law will b(‘ to caiisi* a warming 
11 ]) of the system in passage through the plug 

As far as the variation of / with pn'.ssure is concerned, with all real gases, 
the effect of expansion will be to produce a cooling of the gas. The molecular 
constituents of real gases exert an attractive force upon one amdln'r which is 
overcome when an expansion (»f the gas occurs. In every case therefore, under 
adiabatic conditions, the energy recpiired in overcoming the.se attractive forces 
must come at the e.xpen.se of the kinetic energy of the gas molecules and cooling 
will be produced. 

The total ob.served effect will be com|)(»site of these two factors. They must 
operate in such manner that the heat content H shall be invariable throughout 
the process. 

Kosc-Iiines has shown that the experimental measurements of Joule and 
Thomson could be represented by an ecpiation of the type 


(IT 

~dp 



For air and carbon dioxide characteristic constants, a and 6, were obtained. 
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positive in sign. For hydrogen h was negative. In this last case evaluation of 
the constants a = 64,1, 6 = - 0.331 indicated that at T = 194® K. or - 79® C. 
the quantity (IT /dp became zero. Below this temperature, the Joule-Thomson 
coefficient is positive, that is, cooling is produced in hydrogen below this 
temperature. This is in agreement with experimental investigations of Olzewski 
who showed that below 80® C. hydrogen could be cooled by expansion. All 
gases, other than hydrogen and helium, probably show inversion points at 
temperatures above ordinary room temperatures. 

Joule and Thomson found that the Joulc-Thom.son coefficient varied in- 
versely as the square of the absolute temperature 

dP r * 


This indicates that the lower the temperature, the greater the cooling effect 
produced per unit pressure gradient, a conclusion which has been experimentally 
verified in many cases. 

The influence of pressure on the magnitude of the coefficient has been 
studied for oxygen at 0° C. over a considerable pressure range by Vogel.* 
The cooling effect decreased from 0.260® per atm. pressure gradient at 20 atm. 
pressure to 0.130® at 100 atm. pressure. Over a more limited pressure range 
Hoxton has studied the variation in the coefficient for air. He finds also a 
diminution of the coefficient with increasing pre.ssure at constant temperature, 
the combined effects of pressure and temperature being representable by an 
empirical equation 


1 

A:= - 0.1975 + Y 


319P ^ 

ft 


The Joulc-Thom.son effect is made u.se of practically for the liquefaction 
of gases by the so-called Linde-IIamp.son process. The gas cooled by expan- 
sion is utilized to pre-cool the compre.s.sed gas passing through the plug. A 
lower temperature is thereby produced in the gas upon expansion. The 
cooling is thus made cumulative until finally a temperature is attained at 
which liquefaction occurs. The efficiency of such a process may be calculated 
from the known data on the heat capacities of the gases at the two pressures, 
the Joulc-Thomson coefficient, the boiling point and the heat of vaporization 
of the liquefied gas, when it is remembered that the heat content of the system 
undergoes no change. 

The Relation between C,, and €„• It has been shown that the quantities 
Cp and Cl, are representable by the equations 



‘ MUnchen, 1910. 

^Phu$. Rtv., 13,438 0919). 
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Plence 


C, - C, 


Now 


Ilonce 


^ /0(r + /)r)\ 

V cvr A Vtr/’A 


r, - (\ 


Kaic;); 


/> + 


I'or :in idoul gas it has been shown that 


Honce, for sucli gases 


C). 


<'!> - Ft -- p 


■- 0. 


(«i- 


Employing the equation of state f(»r an ideal gas 
pv - RT, 

it follows that 

/ dr \ . 

Ui7’A v' 

Hence, for such gases 

r, - (\ - R. 

Isothermal Expansion of an Ideal Gas: From the first law of energetics, 
AC - r/ - V', 

it has been shown that AU is independent of volume change for an ideal gas. 
Hence, in the expansion of such a gas 


3 


q = \L\ 
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For an infinitesimal volume change dV at pressure p 
q = pdV, 


For a finite volume change, Vi to Fj, 


q = 



pdV. 


Assuming fof 1 mol. of gas that pV = RT, it follows that 


Q = 



ItTln ■ 


For an ideal gas we may also put piVi = p-iV-i, where pi and p, arc the pressures 
concerned. The heat absorbed in the isothermal expansion becomes therefore 


?'! 

Adiabatic Expansion of an Ideal Gas : In this case, since the process is 
adiabatic, 

? = 0. 

Hence 

At/ = — ie = - pAF. 


►Since external work is done by the system on the surroundings, the temperature 
of the gas must fall. The magnitude of the decrease in temperature may be 
calculated thus: 

Since 

A(/=:(\.Ar and pF = /r/’. 


or, in the limit, 
whence on integration 

Alternatively 


C\.^T= - p.AV, 
C\aIT= - pdV, 

f\dr 

Jvt 


T V 


or 

(\dlnT = - RdlnV 


or 
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Now, since Cp ~ C« = R, and putting CpjCv - 7, 


^ {y - 

or 

TA’C ' - r,iv •. 

Since /iil’i - RTi and /).-l .* = RT:, it tliat 

inVC=^- P.iV 

or 

P,' "7V - /).•' "7?. 

Cyclic Processes: A h^'-tein wliicli, ii|)on conipli'lion (d a change or series 
of changes, is in its original slate i> said to have completed a eycli'. 'I'he 
wlntle ))roC('''S is knouii as a cvclie proeesv. From the fii^t law it follows that, 
since (’ a ''ingle-valued fnnetion of it" \aiial)l(‘>, di'pendmit, therefore, only 
on tlie f'tati' of the .''y''tein, indepemh'nt of pa"! history, for every (cyclic proc(‘ss, 

Af = I) -- <1 - le. 

If conducted at con''lant temperatnie the e\ cle i" Know 11 as an isol hernial eychn 

The cyclic pidce"" forms a n''efnl method of "tndving the variation of matter 
when ''ulijectiMl to \ariation" of eiieigv content. The most cidehrated of such 
cyclic procesM'" i" known a" the ('ainot Cvcle. 

The Carnot Cycle: 'i'hi- c>ele conipn''e'' a four-stage proci'ss to which an 
ideal gas may he siilnnitted. It was emploved hy ('arnot to demonstrate the 
work luailahle from a procc"" of heat 
transfer. Tin' c\cle con"i''t-' of four sue- P 
cessi\e j)roce''"Cs (a) an !''othermal expan- 
sion, (/;) an adiahatic expansion, {<) an 
isothermal compression at the lower tem- 
jierature produced in the pievioiis adialcitic 
expansion and (d) an adiahatic compression 
whereby the ideal gas is re-'tored to it" 
original temjieratiire, jiressure and \ohim(*. 

The accompanying diagram represents the 
p~v relationships in such a cycle starting 
at the state rejiresented hy A at tempera- 
ture 7’., with the serpience of changes aF 
ready detailed carrying tlie ga" through states reprc'-ented hv the lini's (n) 
AB, (6) BC, (c) CD and (d) DA. 

The lines AB and CD represent the two isothermals, at the temperatures 
7’j and Ti {Ti > T’l). The lines B(' and D.\ represent the two adiahatias. 
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Let the respective p, v, T magnitudes be for A, pi, Vi, Ti, for B, pi, V2, T2, 
for C\ Pi, Vi, Ti and for I), /)«, V4, Ti. 

We may follow the changes occurring in the several stages thus: 

Slfuje I. The gas expands isotherrnally from A to B at temperature T2. 
Heat is absorbed e(iual in amount to the work done by the system on the 
surroundings, since, for an ideal gas, the change in internal energy is zero. 



Stage II. The gas expands adiabatically from to r. The heat absorbed 
is zero; hence the work done is 

w, = - 7\), 

where Ti ~ 7 ’i is the change in temperature resulting from the adiabatic 
(;xpansion. 

Stage III. The gas is coini)ressed isothermally from C to D in a reservoir 
at T\, whereby the heat vi is given up to the surroundings in amount ecpial to 
the work of compression 

</, = = UTdn b • 

1 4 

Stage IV. The gas is compressed adiabalically from I) to A. The work 
done on the gas is 

Wi = C,{T2 - TA, 

where Ti - 7 'i is the increase in temperature produced by the adiabatic 
comi)ression. 

The net heat absorbed by the gas in the whole cycle is, therefore, 

r» Vi 

q - q. ~ qx ~ RTJn - — RTxbi ~ r ‘ 

V t 1 4 

From our knowledge of adiabatic expansions of an ideal gas we know that in 
the two adiabatic j)rocesscs considered 

(\ln = Rln (Stage II) 

7’i Vi 
and 

(\ln ]} = llln (Stage IV). 

T\ I I 

Hence 

^ J I? = . 

V2 \ \ 1 1 4 

, = = H(r, - |r • 

» I 


Hence 
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Similarly, the work done by the 

r, 

tr = u’l + ii'i u'i - u'i ~ R{Ti - T\)bi - » 

1 1 

which satisfies the condition for a cyclic process 
tc = fy. 

'riie work done may now be comparetl with the (|uantity <jf heal <ii absorbed 
at the higher temju'ratuie 7b. 


w - U{ T, - 'l\)ln r . 

1 I 

q-i = liTJn • 

1 I 


Hence 


tr = (/, 


Ti - r, 

T: 


It IS tlu'refore e\i(l('i)t (hat. in t)i(‘e\cle. ,a (piantily of heat q- li.as be(>n .'ibsorlxai 
from the surronniliii^e'- at a t<'mpera(nre 7b and p.artly tr.ansformed into the 
W(H’k u', the remaiiid<‘r r/i beinji j^iven nj) to the Mirnmndimcs wIkmi at a lower 
temp(“ratui(* 7’i 'riie work obtaimal in ■-nch a pntcess is a definite fraction, 
(7’. — TA'T:, of th(' ab-orbed he.at We m i\ now jirocei'd to an examination 
'd tin (inestion w het lier thi'> <|iiantity of work ir represents t lie maximnm amount 
of work po'-'ible in such a In'at (lan^fer, whether also the same fraction woiihl 
be obtainable weie the ''\'(em em|>love(l not an ideal d'ho answer to sijcli 
pnthlems h'ails ii' into tlie i(>;dm of tin* <hrection of energy ch.anf^e and the 
ri'^tnctionv upon the intercon\eitibiIity of em'rgv which experience has em- 
bodn'd in ll'e .‘'ccoiid law of ('iieiei'tics 


'I’m, SkioM) b\W OK I’-NKUOKTK'H 

An iiMjuiry into the liin'Ction of change which a ^iven system will underp;o 
may well be bejiun witli an imjimy into some well-known e.xamjdoK of din'Ction 
of change and the oliaractenstic.s which siicli processe.s possess. 

Reversible and Irreversible Processes: We are (piite familiar with a 
variety of processes, lioth physical and chemical, winch w'lll proceml of them- 
.selve.s, or as we so designate them, spontanef>n.sly occurring pr<;C(!She.s. Heat is 
spontaneously transferred from a hot to a cold body either by contact or l>y 
radiation. Urnforinity of temperature throughout the system will eventually 
result. With a concentrated .solution in contact with a moie dilute Holution, 
diffusion of the solute will sjioritaneou.sly occur and continue until a uniform 
concentration results, (lases permeate a vacuum. Similarly, the inter-diffu- 
sion of two gases when brought together is another familiar phenomenon. An 
electric current will flow' along a conductor when differences of potential 
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manifest thcmselvefi, just as water will flow from a region of higher level to a 
lower level until a uniform level is secured throughout the system. Many 
chemical reactions occur spontaneously; ammonia and hydrogen chloride gas 
at ordinary temperatures when brought into contact will react to yield solid 
ammonium chloride. All such processes proceed of themselves; they are aha, 
of themselves f irreversible. All are tending to a state of greater stability. The 
velocity with which such a position of greater stability is approached may vary 
widely. The trend in that direction is definite and cannot be reversed by the 
system of itself. Only by the employment of external agencies can the direc- 
tion of such processes be reversed. The final state which such a system attains 
is spoken of as a state of ocpiilibrium. A system in sucli a state is characterized 
by the uniformity in the intensity of all its forms of energy. In reaching this 
finality many halting places may occur. The system in such case is in a state 
of metastable e(iuilibrium. Thus, for example, hydrogen and oxygen at room 
temperatures are only aiiparently in equilibrium. In reality they are in partial 
or metastablc eipiilibrium, as the introduction of a small amount of platinum 
black into the system would demonstrate. Water would result from the in- 
teraction of the gases. But, in no conceivable manner, without the interven- 
tion of external agencies, could the process be expected to reverse itself, to 
proceed from the water stage back to the state of the gas mixture. We might 
generalize such observations in the conclusion that: spontaneously occurring 
processes are irreversible. 

Let us now examine the conditions under which we must operate in order 
to approximate to reversibility in the conduct of a ])rocess. The direction which 
any energy change takes is determined by the relative magnitudes of the in- 
tensity factors of the energy of the system and of its surroundings. At equi- 
librium the intensities of all the forms of energy are uniform. An infinitesimal 
variation in any one intensity factor will produce a change in that direction 
which will tend towards uniformity. 

Imagine a pure Ihiuid in equilibrium with its saturated vapor enclosed in 
a cylinder fitted with a ju^ton the pressure upon which may be delicately 
adjusted. Let the ai)paratus be at constant temperature in a large reservoir 
from which the system may withdraw heat or to which it may give up heat. 
The piston will be stationary when the pressure on the piston is exactly equal 
to the pressure of the saturated vapor at the given temperature. Any displace- 
ment of the pressure on the piston, no matter how small, will cause a change 
to take place in the system, Uiiuid-vapor. If the ))ressure on the piston be 
diminished infinitesimally, the piston will rise. The volume occupied by the 
saturated vapor will increase and hence a little of the liquid will evaporate to 
produce the saturation i)ressure. In doing this, heat will be abstracted from 
the reservoir. In this way, a process may be continuously operated, namely, 
the change from liquid to saturated vapor at a given temi)erature. The proce.ss 
will be exceedingly slow since the difference in the intensity factors is, under 
assumption, infinitesimally small. The process may also be reversed. Imagine 
a pressure on the piston infinitesimally greater than the saturated vapor 
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pressure. The piston will, under such circumstances, compress the saturated 
vapor into a smaller volume, the .sui)ersaturation of the vapor which would 
thereby result being overcome by condensation of some of the vapor. By this 
reversal of the process vapor may be converted to liquid. Heat will be given 
up to the surrounding reservoir. 

The energy expended in two such processes as we have just outlined may 
now be computed. Let the saturated vapor pre.ssure at the constant tempera- 
ture T be equal to p. In the first case let the pres.sure on the piston be p — dp, 
infinitesimally smaller than p. I^t the volume change, dv, be infinitesimally 
small. The work expLMided by the system on the surrountlings will be 

(p - (lp)dv = pdy - dp.dv. 

If dp and dv are infinitesimally .small, the second factor dp. dr is an infinitesimal 
of the second order, negligible in comi)arison with p.dv. Substantially tliero- 
fore, the work done is p.dv. In the second proce.s.s considered, that of com- 
pression, the pressure on tlie piston must be slightly greater than p, say p -f- dp. 
Let the sy.stem, after the expansion, be comi)ressed by such a pressun^ tlirt)Ugh 
a Vf)lume decrea.se — dr. The work done on the system will bo 

-- (p -f dp)dv - - {pdv -f- dp.dv) 

or - p.dv when .second order infinitesimals are neglected. The system i.s 
now in its original condition, the heat changes paralleling the two i)rocesHe8 
having occurred and being dernon.strably (‘(pjal and opj)ositc, provided that 
no accidental and irreversible proce.s.ses have .sijuultaneou.sly occurred. For 
this, it is neceshary to a.^sume that the juston shall be both weightle.ss and fric- 
tionlesa since otherwise irreversible changes, c.g., those due to friction, would 
doubtle-ss have occurred. Such a process represents an ideal to which all 
naturally occurring proce^M‘s may api)roxjmaie without ever realizing. Such 
an ideal proce.‘'S, however, though not actually realizable, is, nevertheless, 
conceivable. From the mental cone(‘|)(iun and its conse(|uences, definite con- 
clusions may be reached. Such an ideal proee'^s is charaeferized by its complete 
reversibility in eontra.st to actual j)ro(;e,sses wliich will always cotitain elements 
of irreversibility to a greater or h'.^s degree. In tlie ideal j)rocess, all of the 
stage.s of the process m.ay \xi r(‘peated in inverse order irj point of time, the net 
expenditure of energy by all tin; mechanical forces involved being zero on com- 
pletion of the whole j)roceh.s. 

One other example, involving another form of energy, may be cited to 
illustrate the concept of rever.‘<ible proce.sscs and to show the approximation to 
the ideal process which may be achieved by a real process. Tin; lead storage 
battery, when discharging, yields current at approximately 2 volts. When 
discharged the process may be r(;vers<;d by supplying current to the battery. 
As normally operated, tije process of discharge and charge is accompanied by 
a number of irreversible phenomena, diffusion of electrolyte, heat losses and 
the like. The discharge of the battery may, however, be secured under condi- 
tions approximating to the ideal reversible process by opposing to the flow of 
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current from the battery a current at a potential infinitesimally smaller than 
that of the battery. Under such circurn.stancoH current would be drawn from 
the battery in infinitesimally small amounts at minute speed and the factors 
of irreversibility in the process would be reduced to a minimum. At any mo- 
ment by incrcasiiiK the oppo.sing potential infinitesimally beyond that of the 
battery the direction of current flow would be reversed, the battery would begin 
to charge. Furthermore, as in the previous case the energy expenditure for 
any infinitesimal change in one direction will be exactly equal numerically 
to that expeiifled in the reverse ca.se. This tyjx' of reversible process is aj)- 
proximately obtained in the l^)ggcndorf method of measurement of the elec- 
tromotive forces of galvanic elements. The unknown potential is measured 
by o])posing to it a potential of known magnitud(‘, e([uality of i)otcntial being 
indicated by zero displacement of a galvanometer suitably i)laced in the elec- 
trical circuit. With such a .sy.stem very minute (piantities of current could be 
drawn from a galvanic element and th(‘ actual conditions of energy change 
would approximate very closely to the ideal reversible conditions. 

Maximum Work: It is characteristic of such id<‘al reversible processes that 
the external work performed by the sysbun undergoing change is the maximum 
amount of work that the .system is capable of accomplishing It i.s very e\i- 
(lent that, if all irreversible effects could be eliminated from a process, the 
efficiency of the proce.ss shouhl be a maximum This is actually true. It may 
be mad(! the more evident from a reconsideration of some ideal processes. In 
the isothermal expan.sion of an ideal gas through an infinitesimal volume change, 
dc, the work done is /a/c. The magiutinh^ of this (piantity is obviously depend- 
ent on the opposing pressure p. Wlien p is zero, expansion against a vacuum, 
the work done is zero. As p is increased the work done, pdv, also increases. 
The value attains a maximum when the driving pre.ssure of the gas is infin- 
itesimally greater than the op|)osing pre.ssure. For, if these two pressures are 
eiiual, no volume change can occur; and if the ojiposing J)re.'^.su^e be infinitesi- 
mally greater than the gas iwssure, contraction in volume of the system will 
result. The maximum external work is therefore done when driving and o))- 
posing forces dilTer infinitesimally. This condition is, we have seen, that de- 
manded by an ideal reversible jirocess at all stages of its operation. The ex- 
ternal work ])erformed in a reversible proce.ss is therefore the maximum work 
available in the conduct of the proce.ss. In the expansion process just discussed, 
the maximum work, .1, done by the systiun is tlierefore 

A ~ pdv. 

For a finite volume change conducted isothermally and reversibly 

A= Ppdv, 

Jr, 

which, as we have previously shown for an ideal gas, is 

A = Rrin-= RTln- • 

vt Pi 
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A little consideration will show also that (he work done on the surroundings 
in an adiabatic expansion 


C.iT, - 1\) 



also gives the niaxiimiin work available from (he process. We mav (herefore 
conclude tliat in the complete cyclic jiroce.ss already consi<lered, (he (’arnot 
(\vcle, all the ojierations being conducted reviTMblv. (he external work jicr- 
formed is the maximum work that can be accomplished in that cycle of opera- 
tions-. The relationship given by the ('arnot Cycle may therefore be written 



the work done by the system in the transfer of heat r/- from (emjiendure 
to T\ re[)resentiiig (he maximum amount of w(trk obtainable in an ideally 
conductetl jirocess. All real proc('.s.>-('s woidd \ield a sm.aller amount of I'xlermil 
work. 

'Phe maximum work which a given process is capabh' of accomplishing is 
:i fi\(‘(l and definite ({uantify characlerisiic (he process, (hderimneil solely 
by the initial and final states of the sv^tom indi'pendmit of (he jiath bi'tweim. 
Were this not so it n immediatelv (‘vident that a p(‘rp('tual motion machine 
could be constructed whereby in (he isothermal proces.s 

.V -> 1 


a path could be selected in which (h(‘ m.aximum work ,1 done liv the system on 
(h(' siirrtiunding'' in pa->ag(‘ from A* to }' was nuiiK'ricallv le^s than -t', the 
maximum work done on the s\.s((-in in (he ri'verse process Y to A’ The svstmn 
would then h.'iv e comph'ted an i^ot herin.il c\ cle and a (piantity of work .1 ' — ,l 
would liave re^iiltcil 'Die proce-s could b(‘ repeateil indefinitely 'Phis, how- 
ever, vvouhl be (he pi'rpelual motion machine deiiK'd by the First baw of 
Fnergetics. Hence it must fnllovv that A - A'. Sinc(‘ th(‘se were any two 
possible methods of conducting (he process, the maximum work must always 
be a constant (piantity ' 

As a corollary of this, il follows that the work done in an isothermal re- 
versible cycle i.s e([ual to /-ero. 

I'lirthermore, it may be shown that the fraction convertial into u.seful work 
is independent of the mechanism whereby heat is tran.sferred, provided that 
tliis mechanism is reversible. For, let us assume such a mc'chanism producing 

' Tho niaxiniuni work (ioia* i.s therefor*' unaloKoa-s to At’, the ehanire iii itileriial eiierirv of 
the in that it is a function of initial aiid final htaten, in(l«a'ciKlent tif the jialh l»etwi‘i’n. 

'1 ho niaxinium work done hy a jiroresn haa therefore Iktu defined by noine juilhors in terms of 
two rnapnitiidoN, .1^ ami A a, eli.araeteriHf ic of thenntml and final utateH A and li. Under Hueli 
.'vssunintioTis the rnaxiiiiuin work which we have diseuHsed la 


A =. Aa ~ Ab = -A.l. 
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an amount of work w' greater than w obtained in the Carnot Cycle previously 
considered. In such case a quantity of heat, qz, will be taken from the reservoir 
at Ti and a quantity of heat qi (< ^i) be given to the reservoir at Ti, whereby 
the relationship is obtained, 

q 2 - qi = w\ 

Then, by employing the (’arnot Cycle for an ideal gas, in the reverse direction 
from that previously considered, a quantity of heat q\. can be taken from the 
reservoir at Ti and with the aid of a portion of the work w', actually the quantity 
w, an amount of heat qi can be put back into the reservoir at temperature Ti. 
As a result of this compound cycle the only change in the system as a whole is 
that a quantity of heat ffi — has been taken from a reservoir at Ti and 
converted into useful work, w' — w, without causing any other permanent 
changes in the system as a whole. Experience teaches that such a machine is 
impossible. It is not in contradiction of the First Law of Energetics, since 
heat energy is consumed in the production of work. But the possibility of 
constructing such a machine is denied by the Second Law of Energetics, 
based upon the experience of man in the search for such a machine. Were 
such a machine possible, whereby heat could be continuously converted into 
work without compensation, an even more wonderful perpetual motion than 
that denied by the First Law would be possible. It would be possible contin- 
uously to utilize the large heat reservoirs of our environment to supply the 
motive power of our universe. It would be possible, for example, to drive a 
ship with the store of heat energy available in the ocean in which the ship was 
placed. Such a perpetual motion machine, which Ostwald has called a per- 
petual motion machine of the .second kind, is specifically denied by experience 
and has resulted in the enunciation of the .second law of energetics. For u.seful 
work to be produced from heat without compen.sation, a transfer of heat from 
a higher to a lower temperature is demanded. The fraction of heat converted 
into work is given by the equation 

Ti - r, 

tv = qi 

Ti 


P 



V 

I’lu. 3 


With an engine working in a heat re.ser- 
voir at its own temperature it is obvious 
that Ti — Ti and hence w must be zero. 
It is therefore evident that whatever the 
reversible mechanism used for the heat 
tran-sfer from a higher to a lower tem- 
perature reservoir the maximum work 
available is a constant. 

Any reversible cycle can be shown 
to be equivalent to a sum of Carnot 
cycles. In the accompanying diagram. 
Fig. 3, let the continuous lines AB, BA 


represent the path of a reversible cycle. It is evident that the path .4 to B may 
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l)€ traversed by a number of isothcrnials and adiabatics aa shown. Similarly 
the return path may Ik; so traversed. The broken line path A to li approxi- 
mates the more closely to the continuous curve AB the more minute the iso- 
tliermal and adiabatic clianRos become. Tlie same holds true for the rt' verso 
path BA. By prolonpiiij; the i.'iothermals back info (lie enclosed portion of 
the diagram it is evident tliat the area ABA may be regarded as made up of a 
large number of infinitely small (’arnot cycles actually equal to the reversible 
cycle under considerati(U). In the summation, all those portions of the small 
isothcrnials within the actual cycle will be traverseil once in the one direction, 
once in the rever.se direction .'^o that the net resultant of such sections is zero. 
The properties of any re\ersible cycle will therefore be eijual to the summa- 
tion of the properties of all the ('arnot cycle.s of which it may be regarded 
a.s composed. 

The Concept of Entropy: In the di.scussion of (he ('arnot ('ycle and in the 
generalization of the conelusion.s th(*refrom for any revi'rsible cycle, we saw 
that the heat (j: tak(>n iMithermally from a re.serxoir at T-: was related to the 
heat qi given iq) to (he reservoir at 'l\ and to the maximum work .1 by means of 
the relation 

. 'I\ - T, 

<(i - -■" A ---- 72 . 

It follows, therefore, for any re\ei‘'ihle c\cle, that 

7.- -- 7t “ '/'i 
7.> '' T, 

or that 

71 ^ qt 

t\ r\ * 

If the cycle i^ not reviTsible, if anv irnnersiblo (‘ITects are iire.M'iit resulting in 
the dissipation of heat, it i.^ exideiit that (he w'ork ilone, ?e, must he less than 
[(?'. - Ti)/7’:j 7.' t’nder such cjicumstances 

7/ ^ - Tx 

qi Ti 

or 

72 ^ 7i . 

Ti T\ 

Regarded from the standpoint of the machine conducting the ('arnot C'yclc 
the above expre.ssion for the cfpiality of q\'T\ and of 72 / 7’2 may be rearranged 
.so that + 7 repre.sents heat .ab.sijrbed by the machine. In huoIi circumstance 
we have for the (’arnot Cycle 

( ~ 7il _ ^7?) 

r, “ r, 
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Similarly for an irreversible process 


T, T, 


where again qi and 72 are the heats absorbed by the machine at the two tempera- 
tures. 

For each individual Carnot Cycle into which a reversible cycle may be 
divided, the relationship 


will hold. When the isothermal and adiabatic changes of each Carnot Cycle 
are infinitesimally small, the summation of the ('arnot cycles is e(jual to the 
reversible cycle ABA in the preceding diagram, hor the Carnot cycles we 
therefore have 


and when the changes are infinitesimal we have correspondingly 



an expression which is therefore applicable to any reversible cycle irrespective 
of its nature or the path by whicli it is achieved provided that this be a re- 
versible i)atli. In the preceding (igure, where the cycle is achieved in two 
stages .1 to B and B to A, it is evident that 



lloth of these integrals are exidently independent of the path taken from .1 to 
B or conversely from B to .1. Both arc theref«)rc determined by the properties 
of the initial and final states .1 and B. They are therefore evidently equal to 
the change in some single-valued function of the \ariables of the states A and B 
of the system. Let us express this by the relationship 

AS = Si, -Sa= I * ^ . 

Ja y 



whence it follows that 
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These expressions give us a ilefmitiuu of the entropy of a system, 'fhe increase 
ilS in the entropy, S, of a reversible process is the integral of all the heat chatiges 
which the system undergoes in passing from state .1 to state H, each heat change 
to be divided by the absolute temperature at whicli it occurred. 'Fhe co!icej)t 
of entropy received this definition from (’lausius who emphasized its im- 
portance in the formulation of the .statement of tlic second law of energetics 
its dependence on the ‘'tate of the system and its independence t)f tlie path by 
which the state is achieved. 

It may also be demonstrated that the entropy of an isolated .system is the 
sum of the entropies of the compommt element.s of the .sy.stein Let us as.sume 
a system in which the component elements have internal energies respectively 
Ca, V b, I c ” \ iirc.^sures pc • • • , volumes vh, vc • • * and entroiues 

‘S'b, <S'c • • • , the whole system at a common temperature T. Let us assume 
for simplicity that external work change.s in the .system only involve mechanical 
energy. For any infinitesimal change occurring in (he system, for examph*, 
to the component -t, we have 

(Iq.i ^ (H^a f i>Adv\. 

The corresponding entrojiy change w'ill be 

dqA di'A vdvK 

- 


iSimilar eciuations hold for other changes in tlie .sy.stem. ^inci' the* system is 
assuinetl isolated, 


Hence 

d^A f- dSii -f dSc d 
Or alternatively, 


<IA 4- <in } dr -f • • • - 0 

•]A f Qn f Qc d- 


r 


d{SA d-.S’wd-.S’c* 4- -‘O-O 


In other words, the entropy of an i.-.olated system remains unchanged, fhui- 
.sequently the change of entropy in an adiabatic jirocess is tlierefore zero. Also 
the entropy of the sy.stem is eciual to the sum of the entropies of the component 
parts of the system. 

Entropy Change in an Ideal Gas : For an ideal gas the heat absorbeil in 
any process of change 

(/ = AL -f pAw. 

For an infinitesimal change, 


q ~ dU A- pdv. 


q dll A' pdv CtdT A- pdv 
ao = = = 

r T T 


Hence 
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If we assume that C, is independent of temperature, 

S = j‘ dS ~ Cv J Y ^ constant 

= CvlnT 4- Rlnv + constant. 

For a definite volume change, for example, an isothermal compression from 
va to vii of one mol. of gas 

A',, -Sa = Rln-- 
Va 

Since vn is less than va, it is evident that the entropy of an ideal gas decreases 
during an isothermal compression. Conversely, in an isothermal expansion, 
the entropy of the gas increases by an amount ecpial to RIh{vj}Iva), where y/i 
is now greater than va- 

Entropy Change in Irreversible Processes : The transfer of heat from a 
hotter to a colder system constitutes a simple irreversible iirocess. Let us 
imagine an isolated system consisting of two reservoirs at temjieratures T-: 
and Ti {Ti > Ti) and a machine, e.g., an ideal gas, by which heat may be 
transferred. By allowing the gas to expand isothermally in the reservoir of 
heat at Ta, an amount of heat q may be taken from the reservoir. The gas may 
now be allowed to expand adiabatically until a temperature T\ is attained. 
By placing the gas in contact with reservoir at Ti and isothermally compressing, 
an amount of heat, q, may be communicated to the reservoir at Tu The change 
in entropy of the gas is 

i‘ _ ± 
t\ 7 \ 

The change in entropy of the reservoirs considered as a sy^bun is ccpial to 

-7 . ^ i . 

T, I\ 1\ 'J\ 

Now, since Ti is greater than Y’l, we conclude that the conduction of heat from 
a reservoir of high temperature to one of low' temperature results in an increase 
of entropy of the reservoir system. 

The expansion of an ideal gas from volume va to volume Vh against a vacuum 
is another irreversible process, in which, as already shown, 

Su - Sa = Rln-. 

Va 

in which therefore an entropy increase of the gaseous system results. 

We may therefore generalize our conclusions with regard to entropy change 
in the following manner. In irreversible processes, the entropy of all the sys- 
tems involved in the change is increased. In ideal reversible processes, the 
entropy of the system as a wliole is unchanged. The change in entropy of any 
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portion of such a system undergoing a reversible change is equal to the heat 
which such portion of the system absorbs divided by the absolute temjHjrature 
at which the heat is absorbed. • 

Now since all real processes are irreversible, we have a inethod of statement 
of the Second Law of Energetics. It may be thus expressed: All unturnlly oc- 
curring processes are accotnpanied by an increase in the entropy of the system. 
The content of the two laws of energetics may be summed up in the aphorism 
of Clausius: “ The energy of the universe is constant; the entropy of the uni- 
verse tends towards a maximum.'' Tliis formulation of the second law pro- 
vides us with one criterion of the dir(‘ction of change wlncli a given system will 
take if allowed to change spontaneously. The change will occur in that direc- 
tion in which an increase in the entropy of the system is obtained. 

Free Energy: We may now j)roceed to an examination of other thermo- 
dynamic magnitudes which ha\e proved useful in the problems raised by the 
S('Cond biw of Energetics, which will have, moreover, a greater applicability 
to problems of ciiemical change tliaii the broader concept of entropy. Only at 
a later stage, when the theorem of Nernst, .sometimes termed the Third Liw of 
Tliermody mimics, has received a <let ailed treatment, will the concept of en- 
tropy be applied in it'^ mo.st u.seful form. 

For a reversible jiroce^s we have seen that the entropy of an isolati'd system, 
machine plus surroundings, remains constant. 

AS = 0. 


Let us define two quantities by the eipiations 


and 


A -- IJ ~ TS 


F H ~ TS = (C + iw) - TS = A + pv. 


For any given isothermal change we can derive corresiionding e(|uation.s as, 
for examjile, 


AA ^ All ~ TAS, 


If this eipiatioii ajiply to any reversilile change at temperature T, it follows from 
the preceding section that TAS i.^^ eijual to <j, the heat absorbed in the procesH. 
Hence, from tiie eijiiation for tiie first law, 


it follows that 


AV = q — w, 
A/1 = - w 


or alternatively that —A.t is eipial to the total work done by the system on 
the surroundings and, since the process in question is assumed to be reversible, 
it represents the maximum work which the system is capable of accomplishing. 
It is, in other words, identical with the (luantity which we have designated by 
the term A in the earlier sections. 
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In a process at constant temperature and constant pressure it is obvious 
tliat the work done by the system will be composite of two factors, that involved 
in the volume change, namely, pAv and a residual quantity w' which may be 
one of many energy quantities. A frequent form of such energy obtained in 
the conduct of chemical processes is electrical energy. Radiant energy, in 
the form of light, may be produced. Similarly, other forms are possible. In 
such case w' + p^v — w. The quantity p.Av is constant irrespective of the 
mode of conduct of the process. The magnitude of the quantity w' will vary 
with the mode of conduct of the process. The greater the degree of irreversi- 
bility in the process, the less will w' be. It is conceivable that it may be zero, 
indicating complete irreversibility. Tin* more the process approximates to 
reversible conditions, that is, the more <r approximates to its maximum value, 
the greater will w' become. With a conqdetely reversible isothermal process 
at constant pressure 

w' + pAv — w = ~ A.4. 

Hence 

w' = — A/1 — pAv. 

Whence, from tiic ecjuation E =11— TS = A pv, 
w' = — AF = Fa — Fji. 


Tliesc two quantities — A/1, the “ Free Knergy" of llelmholz, and — AF, the 
“ Thermodynamic Potential’' of (libbs, are, as will be shown, of extraordinary 
utility ill dealing with j)roccs.scs of chemical change. It is apparent that the 
(luaiitity — A/I is of importance when the variables chosen are volume and 
temperature. For pressure and temperature as chief variables the quantity 
AF has the preference; this will be generally true since constant temperature 
or constant pressure normally prevail in most chemical experiments. For 
reaction at constant volume and pressuia' it is evident that 


From the equation 


A/I = AF, 


F = H - TS 


we obtain by difTmentiation with respect to pressure 


Now 


\0p/r \dp/T \0p/r 


//=(/ + pv 


or 

Hence 


dll = dU -f pdv -f vdp = TdS + vdp. 
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Hence also 



Or, for an isothermal process, 

/ (IF = f vdp. 

Similarly, the variation of F with tomj)eratnre may bo ascertained. Thus, 



Correspondingly for a chaiif^e in the (plant ity F in an isotln^rnnd process of 
change from state .1 to state li we may write this eipiation in the form 


or 


M' - Ml 

\ OT )/ r 



This equation enables us to calculate the change in therinodyiniinic jiotcntial 
of a reaction at any temperature when it is known at any given tmnperature. 
For a reaction at constant volume the corresponding e(piation will be 


AA - Ml - 



Applied to reversible galvanic cells these ecpiations give us the well-known 
Gibbs'Helmholz equation. For a revcr^^ble cell having an electromotive 
force E at constant temperature T and a temperature coeincicnt dE/dT it is 
evident that, when operated at constant pressure p, 


- AF = n¥E, 


where nF is the number of coulombs of electricity yielded by the coll when 
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operated under such circumstances that the maximum electrical work is ac- 
complished. Hence therefore, 

- nFE - A// = - nFT — 
dT 

or 

nf£ + A//= nFT~- 
dT 

Thermodynamic Equilibrium: A condition of equilibrium may be defined 
by stating that a system is in equilibrium when it shows no change of state in 
any particular with time. The system must be in a state of absolute rest. 
A state of partial eciuilibriufn is familiar to every one. A mixture of hydrogen 
and oxygen at room temperatures is one such example already discu.ssed 
in an earlier section. 

A state of absolute rest is difficult to determine experimentally. This 
fact may be illustrated by the case of the mixture of hydrogen and oxygen 
just cited. If, for example, such a gas mixture were stored over mercury at 
room temperature, no change in volume would })e noted over long periods of 
time. This does not mean, however, that no chemical change is occurring, 
Ii(^t it be assumed that 10« molecules of liydrogeii and half this number of 
oxygen molecules are reacting per second. A simple calculation, emi)loying 
for the Avogadro number, N = 6.00 X 10 '^^ moleculus per gram molecule, 
will reveal that it would require a period of observation e.xtending over 
0 X 10’ years before a volume contraction of 1 cc. could be observed. It is 
very evident, therefore, that any thermodynamic criteria for a state of abso- 
lute rest or of chemical equilibrium would be extremely valuable if not ab- 
solutely necessary. 

We saw that it was characteristic of rcver.sible processe.s that the smallest 
change in any of the intensity factors of the various energy (piantities obtaining 
in the system was siifficient to cause a displacement of the system in one or 
other direction dependent on the sign of the change in the intensity factor. The 
same is true for any .system in thermal equilibrium. Every infinitesimal change 
in such a .system i.s reversible. We have seen that the criterion of this reversi- 
bility is that 

d5= 0. 

Now 

F = H - TS 
or 

= U A- pv-TS. 

Hence, by differentiation, 

dF — dU — TdS — (SdT + pdv -|- vdp. 

For reversible processc.s 


dU - m = - pdv. 
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Hence 


rfF = - SdT + vdp. 

It therefore follows that, for reversible changes at constwit temperature and 
constant pressure, 

dF = 0. 


This expression becomes, therefore, a second criterion for equilibrium condi- 
tions. A system is in equilibrium when a small displacement in the conditions 
of the system can be accomplished without change in the thermodynamic 
potential. 

For a system whicli is not in eciuilibrium the direction of change may also 
be stated. Any naturally occurring process residts iri an increase in the en- 
tropy of the system as a whole. Now, since 

AF = MI - TAS, 

it is evident that TAN must always be positive in spontaneously oceurring 
processes. If the system bo isolated, it is clear that A// is zero. Hence AF 
must be negative in all such proce^se^. We therefore conclude that the ther- 
modynamic potential of all s|)ontanoously occurring processes decreases. It 
will be shown in the ^e(juel how important is thi^ criterion of the direction of 
chemical change 

Some writers have assigned to this concept of thermodynamic potential 
the term free energy” (triginally u.'>(‘d by llelmholz to designate the function 
A which we have considered above. It is (‘vident that the thennodymunic 
l)otential is in reality tiie free em'rgy change accompanying an isobaric jirocess. 
In succeeding chai)ters the term frc'o (uiergy is used to denote F, in agreement 
with recent practice among physical claunists in America. 

The magnitude of the free energy d(*crea.se accompanying a process is 
evidently a rmaisiire of the tendency of a system to react- -a concejit which 
from very earlu'st time^ ha> been designated as the chemical aflinity of a system. 
The free energy decrease gives therefore a (piantitative measure of the tendency 
of the sy^teln to undergo reaction. It is immediately evident that the informa- 
tion we possess concerning the magnitiule of the free energy decrea.se is in 
accord with our ideas concerning aflinity. If a system i.s in eipiilibriuin, the 
chemical aflinity is nil. This is in accord with our deduction that for systems 
in eipiilibrium dF = 0, The further removed a system is from its equilibrium 
state the greater the chemical aflinity. Likewise the greater is the free energy 
decrease accompanying the change of such a sy.stem to equilibrium conditions. 

In the succeeding chapters of the book, the many ajiiilications of the funda- 
mental concepts herein detailed will be brought forward. It will emerge that 
the thermodynamic method constitutes a mo.st effective auxiliary of the atomis- 
tic or kinetic method of treatment, the one confirming and in some cases am- 
plifying the conclusions deduced by the aid of the other. 




CHAPTER III 


THE GASEOUS STATE OF AGGREGATION 

BY OTTO MA\SS. Bij.D., 

Professor of Physiral Cfirnuslry, .\fc(iill l^ntrersiiy, ^fon(r^<ll 

Tho gaseous state may 1)0 defitied as that homogeneous state whieli matter 
assumes when any given amount of it fills eompletcdy an otherwise' void system 
of any volume. The Ix'havior of matter in this state may he most readily 
understood from the standpoint of the kiiu'tie* theorv. The \ali(lity of this 
theory rests upon two fundamental pustulates the Daltonian eoneept (»f 
matter and the hyjiothe^H that the motion of the' particle's emhodied in this 
concept manifests itse'lf hy the phcnonK'iion of ti'inpcrature. The' first has 
hecome almo'«t a\iomati<' in the icaliii (d pliV'^ical science' and the second has 
had almo^'t direct preeof from the- vtiidv of the* Brownian mo\('ment and of the 
radiometer. I'he fact that ('^('rv ('xpe'nnu'ntal te'^t eif the tlu'orv has borne 
out its predictions exe'ept in e-a^cs wtie're, for the' sake ed sim|)lie'it v, the' 
(h'l i\atie)ns are appretximate' eir whe'ri’ e*\pe'rime'ntal ethser\ations are inai'- 
ciirate e-onstitiitf's re'al l•\iele>ne■e feer its \alielity d'he' ile*ve'Ie)j>ment of this 
remarkable geme'ializatietn iiiav be attribiite'd edne'fly tei the* wetrk id Avogaeirei, 
(’lau'«ius, Maxwi'lb Bolt/.maim. van di'r Waals ami Je'aiis The* I'ontribu ions 
of these iiK'H ha\(' be'eaune' so familiar that rari'ly are* the-ir name's asseieiate'd 
with particular pha'-e-'-, in but few sections that follow e-oiihl the' name's of one' 
oi inoii' of thi'-'e men imt be' a^soi'i.ite'il with the' fiiiidame'ittal t hi'eiret ii'al 
e'ontribution. 

The Ideal Gas Laws: 'fhi' e\|)e‘iime'nts eaiiie'el out bv Bovh' ' am! flay- 
l-U^sac' on till' re'lation''hip brtwi'em the- \oluim‘, pri'S'.iire', and temperature 
of a gas was ('\pre"'‘-('d by tlio'e’ iii\ i‘-'tigators in the* foini of the- following 
I'lniiirical rilled: 

At constant ti'inperature', 



/n''i - /M'o, 

(I) 

At ceeiistant volume', 


(2) 

At constant pressure, 

r. = I n ( 1 + ^ ) . 

(3) 


V 27.!/ 


' Boyle?, Pni>er re’aei tx'foro the Bojal Boricty, Kiftl, 
*Gay-Lus8ac. Ann. Chim. Phys., 43 . 137 (1802J. 

m 
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whom Pa and va arc the presHurc and volume respectively 6f a given mass of 
gas at zero degrees ('entigrade; t is the temperature in degrees Centigrade; 
Pi and oi are the pressure and volume respectively under the changed condi- 
tions. These tlirce equations may be replaced by a single one, when volume, 
pressure, and temperature vary simultaneously: 



in which k is a constant equal to and T is e(|ual to t 273, i.e., the absolute 

temperature. This equation was first deduced from experimental facts, and, 
at the time of its deduction, had no theoretical significance. The generality 
of the above ecjuation was not overlooked and suppositions were readily forth- 
coming in order that its form might be explained. The result was the beginning 
of the kinetic theory. 

The Kinetic Theory: Among the first to suggest the explanation for the 
behavior of gases was Daniel Bernouilli.' The fundamental assumptions may 
be stated briefly as follows. A gas is composed of discrete particles (molecules), 
which have the form of spheres and which are perfectly elastic. These are in 
continual and chaotic motion and obey Newton's laws. In virtue of this 
motion, the gas has a certain amount of intrinsic energy, and since it is energy 
in its most degraded form, it manifests its(‘lf in the form qf heat. This energy 
is composite of two factors ---one, an intensity factor, vii., temperature, and 
the other, a capacity factor, or entropy. (Qualitatively, thu hypothesis ex- 
plains the experimental facts. The pressure on the walls of the containing 
vessel is due to the force of the impacts of the molecules. Compressing the 
gas increases the number of molecules per unit volume, and hence the number 
of impacts j)er second upon the walls of the containing vessel, i.e., the pressure 
increases. Raising the tem])erature of a gas at constant volume increases 
the average velocity of the molecules, and hence the force with which they 
strike the walls, i.e., the pressure is increased. 

The above hypothesis also permits of a quantitative treatment. Consider 
a mass of gas in the steady state enclosed in a cube of length L. In order to 
calculate the pressure, let it be assumed that the molecules, which arc in 
reality moving with velocities varying from zero to infinity, are all moving 
with the same velocity, v, which is the square root of the moan square velocity.^ 
This velocity is resolvable into components normal to the three directions, 
related to u in the following way: 

Mx* + 4- == (5) 

' Pornouilli, H.vdrod.MJtunini (ITiiS). 

*Tho square root of tfie mean 8(|uaro \eloeity, u, ia related to the average velocity, w», 
in the follo>\inK way: 
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Pressure is a force, and, from Newton’s second law, is equal to the product of 
the mass, m, of a particle and its acceleration, a. 


t (h 

f = Via ~ m — = 
(it 


d(viu) 

dt 


( 6 ) 


A molecule with comjionent r)f velocity, r, in the direction normal to the side 
upon which it impinges, approaches this side with inonn'iitum -f* after 
impact it rebounds with a momentum — wur, the change in momenlum being 

2niUx. The number of impacts in one direction per unit of lime is ™ , and 

the total change in momentum in oiu* direction per unit of time is j the 
total change in momentum per unit of lime in all three directions is 


2niUy- 2mu,‘ 


which expression, by eijuation (o), is c(jual to --- • Since the total area upon 

• 1 fN 7 /^ 

which the ])ressurc is exerted is (>//*, tin* pressun* piT unit an'a is j , or 

1 Vlil^ 

y--;-, where V is the volume of the cube If, instead of one molecule in the 
3 V 

cube, there arc n, the ('\j)r("'sion for tin* i)ressun‘ Ix'comes 

1 wind 


and, since the kinetic energy of the molecules is e(jual to Ja'aa*, 

= (S) 

where E is the kinetic energy of the molecules. The kinetic energy of the 
molecules, by one of the fundamental assumptions, is a measure of 
their heat energy, and, since this energy is proportional to the absolute 
temperature, 

pV a T 
or 

pV - RT, (0) 

in which /2 is a universal constant and identifiable with k in e((uation (4). The 
fundamental equation bnuid by experiment is thu8 4crived from the postulates 
of the kinetic theory. , * 
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Experiments have shown that no real gases obey equation (4) exactly. 
is therefore important to examine the fundamental assumptions to see wher^ 
unjustified simplifying conditions have been introduced. Firstly, no accouiii 
was taken of the attractive forces between the molecules; such an attractioB 
would result in decreasing the velocities of the molecules in the marginal 
regions of the gas, and therefore the real pressure is greater than that measured. 
Secondly, if the molecules themselves have a definite volume, the number of 

impacts of any one molecule would be — , where d is the diameter of the 

L — d 


molecule, instead of as assumed in the preceding derivation. 


Thirdly, the 


molecules were assumed to be perfect spheres; if they are not, the change in 
momentum after an impact on the wall is not necessarily 2mw, since part of 
the energy of translation may have b(*en changed into rotational energy. 
I*](luations takifig into account these corrections have been put forward by 
many investigators, the most important of which e(juations is due to van der 
Waals. His e(iuation will be takc'n up in c(msiderable detail later. 

A gas obeying e<juation (0) exactly is commonly termed an ideal gas. All 
gases a{)proximate more and more nearly to tin* stat(' of ideality as the pressure 
is decreased and as the temperature is increiised. The c()nce))t of an ideal gas 
is often extremely useful and will be used repeatedly. 

Avogadro’s Hypothesis : h](iuation (0) is valid for a given mass of a par- 
ticular gas. If the mass of gas taken !is a standard is the molecular weight 
expressed in grams, the constant R assumes a definite value, and the general 
equation for any mass of any ideal gas is 


pv - - R , 
^ M 


where vi is the mass of the gas con.sidered and M its molecular weight. The 
experiments which led to the above generalization are also the experiments 
that led to Avogadro's hypothesis; ‘ in fact, this hypothesis is embodied in the 
above equation. 4’ wo gases are at the same temper.ature when the mean 
kinetic energies of their molecules are equal, 

•Jmiwd = IrUiU-x^ 


They exert the same pn'ssure when their kinetic energies per unit volume are 
equal (equation 7), 

lilNiiuxvr) = 

or 

Pl«l- = P2WJ^ 

where pi and pa are the densities of the gases. From these equations it follows 
' AvoRiutro, J. do Physique p.ir Dchinjctherio 73, 58 (1811). 
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if two gases are under the !>aine conditions of tenii^orature and pressure, 
’tiheir densities must be in tlie same ratio as tlieir molecular v\ eights, or 

( 10 ) 


p, : p. = m, : 


The density of a gas is by definition iMuial to the molecular mass times the 
number of molecules per unit volume, i.i'., pi Wvh and p- ~ .Vo//'; hence, 

Wmi : > ■ aii ; ni-. 


A', - A',. 

This equation expresses the \ery imjioilaid generali/ation of Avogadro, that, 
in equal volunu's of gases umhu* the saim' conditions of tmiqu'ratiiK* and pres- 
sure, there arc the same number of iiioh'ciiles. 

The facts embodied in tin* above (Mpialioiis an* in agreenieiil willi thi' 
observations of (iay-Lussac and Humboldt that the leactiiig \olumes of gaseous 
substances at the same tempmatiiK' and presviiie are in the ratio of small whole 
numbers. According to one of Dalton’s fundammital assiimjitions, elnmiical 
reactions take iilacc only bi'twem wlioh' numbciN (.f atoms, fimii which the 
following exjire.ssioti is obtained, 

t)i\ '111. " iiiQ\ : n:Q.u 

and Qi air sloichiomrtrical weights of the 

niQ\ • fisQi’ 


where ui and Ui are iiitegi'rs and Q 
two gases. From eiiuation (10), 


Pi ‘ 


■ nil : 


The densities of th(> two gases air npial, respectively, to and where F, 
and Fj are the reacting volumes. Ib'iict*, 

— : — - ’h<lt ■■ 'hQ-j 

I I 1 2 


or 


F, : lb 


«•. : ni. 


This equation exi.re^ses mathematically the id.servatioii of (lay-laissac in 
connection with volume rclation^hii)" of gaseous reactants. 

Adiabatic Expansions: In ('haptcr II it wa.- learned that the internal energy 
of an ideal gas at constant temiierature is inde|)endeiit of its volume, i.e., 

f = 0 In the same chapter it was also learned that Mj - <i - w, 

\ dV It 

where w is the work done by the system and <{ is the heat ab.sorbed from the sur- 
roundings. Since AU is zero iluring the in, thermal expansion of a perfect gas, 
te = 0 , or the work done by the system is eipial t<. the heat absorbed Con- 
■sidcr an ideal gas expanding in a thermally insulated ves.sid {g - 0). Two 
cases arc to be con-sidered, one in which the gas pi-rforms work by expanding 
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against an external pressure and another in which it expands against zero 
pressure, and therefore does no work. The first case is realizable in a mecha- 
nism as illustrated in Fig. 1, case I. Under these con- 
ditions, the gas at pressure pi expands by driving the 
piston P from position xi to position In this case 
the gas does work in amount equal to or less than 

Rln " (the inequality or equality being valid, de- 

Vi 

pending upon the reversibility of the expansion). 
Since q is equal to zero, this work must be performed 
at the expense of the internal energy of the gas, i.e., 
the gas cools. In case II, where the gas expands 
upon puncturing the diaphragm D, no work is done, 
and the temperature of the gas remains constant. 

The different processes may be visualized in terms of the kinetic theory as 
follows. In case I, when a molecule .strikes the piston, which is moving (it 
matters not how slowly), it will rebound with a lower velocity than it impinges, 
since its motion has beiui effective in driving back the piston. This diminution 
in velocity of the molecules striking the piston means a diminished kinetic 
energy, and therefore a lowering of the temperature of the gas. If the piston 
had been suddenly moved to its final position with a velocity greater than that 
of any of the impinging molecules, no diminution of the velocity of the molecules 
would have occurred, and there would have been no cooling effect. In reality, 
this is exactly what happens in ea.se II. When the diaphragm is suddenly 
punctured, the gas molecules pass through unaltered us 
regards their velocities, and, therefore, there is no 
cooling effect. 

The pressure-volume relationship during an adiabatic 
expansion may be obtained in the following way. In 
Fig. 2, AH is an adiabatic curve, obtained when j)res- 
sure is plotted against volume. The change x-to-// 
may be thought of as carried out in two infinitesimally 
small steps, one at constant volume and the other at 
constant pressure. If Cp is the specific heat of the gas at constant jiressiire 
and C„ its specific heat at constant volume, the total heat effect is 

Cp{dT)p + (\{dTU. 

Since the change is an adiabatic one, this sum is eiiual to zero. Employment 
of the eipiation pv = RT gives, by differentiation of tem[)erature first with 
respect to volume (at constant pressure) and then with resjxict to pre.ssure 
(at constant volume), the following expressions: 

\dejp \dp), r' 

c„.2--ai> + cv--ap = o. 

R R 
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Case n 
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C RT HT 

If — is replaced by 7 and p and v by (heir e(iuals and , respectively, the 
Cv ' »’ P 

following equation is obtained:' 

T^' + ^?''=o 

V p 

or, integrated, 

7 log V + log p = constant, 
pv"* = constant, 

or, in an alternative form, 

= constant. 

The maximum work ol)tainalih' from an adiabatic expansion may l>e calcu- 
lated in the following way: 

where k = nr, integrated, 

I _ - P«':* . (12) 

1 -y 

Diffusion Through Capillary Tubes: Tin* ph(*nomcnon of gaseous diffusimj 

canbestrikingly visualized with (he aid of the kinetic theory, bet .1 (Fig. Il) 

be a vessel containing an ecpii- 
moleciilar mixture of o\yg<‘n 
and hydrogen, connected i»y 
capillary tubes to tlu* vi'ssi'l B 
in which a vacuum is main- 
tained. Provided the diameters 
of the capillary tubes an* much 
smaller than the averagi' dis- 
tance between molecules, it is I'lo. .t 

found that four times a'' much 

hydrogen diffu.ses through the tubes ns oxygen. Only those iindecules which 

.Srike the opciiinns i.f tlic tul.c «ill 'IHTum'. AUIkiUkIi Hhto is IIic sal 

iKT <.f each kin.l lif na.I.MM,!.., Ilir In.lrap-n i.a,l<a-ul,.s arc innv,„K with 
much greater velocities, aad therefore more of them will stnke the o|^.,ungs 
per unit of time than oxygen n.oleeules Krom e.p.atmn U). <1"' veloct.es of 
(he tw’o types of molecuh's are gi\(‘n by 

UT 


A 






8 





] 

1 


L 



• Vocuum 




and 


ut \r 


l^pv ‘M 

J— = V“ 


‘Apv 

mii,n 


ymu.n 
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Since n in the same in the two cases, 



This means that hydroj^en Inis four times the chance of diffusion that oxygen 
has, and therefore its accumulation in the evacuated vessel should be four 
times that of the oxygen. Iwidence confirming this deduction was presented 
by Oraham ‘ from his expi'riments dealing with tiu; diffusion of gases through 
porous plates. 

In the above (‘xperiment, the unecpial rates of diffusion of the two gases 
cause's the mixture in A to become relatively richer in oxygen. As before, 
vi'ssel A is filled with a mixture of hydrogen and oxygen, each initially at a i)ar- 
tial pressure of one half atmospln'ro. Tlu' vessel B is connected with an ex- 
haust pump. The number of oxygen molecules which strike the; openings of the 

capillaries in time dl is equal to K - Ndt, where K is a constant depending 

Vm„, 

on the dimensions of the apparatus, N is the number of oxygen molecules 
present in A during tin* givc'ii interval, df, and is tlu' molecular weight of 
oxygen. Upon integrating this expre.ssion, it is found that 


In- 



t, 


where is the number of oxyf^cn molecuh's initially i)res('nt. Since A' and 
Na are proportional to the final and initial i)artial pn'ssures, respectively. 


Similarly, for hydrogen. 




K_ 

V.Uo. 




/'oil! 





If / is the time necessary for (he total pn's.Mire to fall to one half its initial value, 
t may la* eliminated, 


In 

?V)1 ^ 1 . 

In ■* 

PoU, 

Since 

?h)Oi ~ 

l«vtn - '"J’li. = '"L 

'4 = 1 , 

Viu ^ 


‘ nil. Trans., 136, 673 (1846). 
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and, since Pg, + Po, = L 


P<>, + 


Po, , 


1 

ir. 


Ice 


Thermal Diffusion; Dio :ij)j):initus i^t'd l»y llcviwtlds ' in lii> study of 
thermal diffusion is shown in Fig, I. 'flu' two chainla'rs, ,1 :ind 7>‘, were 
connected by capillary tubes A’, mjule «.f 
meerschaum, and also by a tube of com- 
paratively large diameter, containing the 
tap F. M was a manometer. 'Fhc eham- 
ber B w’as surrounded by ice and 1 b\ 
steam. A gas was introduced into tin' 
chambers, and, with the tap F open, I'lpii- 
libriuni was obtained. When taj) F wa'' 
closed, the pressure in the hot chanib('r 
increased, as indicated bv the inanonn'tor 
The difference in ])ressure in tin' tw(t \c'-vels 
reached a detinitc' amount, wlin-h was a 
maximum wln'ii tin' (tnginal ])r('s''Ur(' was 
of the order of one or two eentimet«'rs of 
mercury; at one atmosphere pressun*, the 
difference was not pena'ptibh* Tln'lowei 
the original j)ressure, the gieater was the pcrcentagi* dilTi'renee in piessure, 
registered. 

If Ti and 7’i wi'ri' the tempi'ratuie.s of the hot and cold I'hamlx'rs ri'spec- 
tively, then, when taj) F was o|)en ami tlu'n' was therefore ini ])resMire dilTereiiec', 
the number of inolei'ules in .1 was in\eiselv |>roportional to 7’:. the number in 
B W'as inversely proportnmal to 7’i Wlion taj) F was closed, the number of 
molecules leaving .1 was |)roj>ortional to tin* numiwr jiresent and also to tlu'ir 

average v('locity, i.e., |)ro|)ortional to ainl also to ^JT>, or jirojioi tioiial to 



their product ~~ - . 

V7’-: 


T: 


Likewise, the number leaving B was projau tloiial to 


V7’, 

, more left B than left .1, and the j)ressure in A inereasc'd. 


.. 1 1 

bincc - 7 =r > -- . 

V 7 1 V 7 '2 

The problem of theimal ditTiision has leeently aecpiired eonsnlerable im- 
portance by H'ason of the j)o-sjl,ilit v of its Use in the separation of gaseous 
isotojies. Jt has been shown theoietieallv " ami expernneiitally that if a 
gaseous mixture is jiresont in a eontaiin'r one portion of which is kcjit hot, 
and another cold, an ciiuilibrmm is attained in whieli then* is an increased 
concentration of the laiaer or in'a\ier molecules at the cold end and vice versa. 

' Reynolds, Phil. Ttu},-. V is7') 

’EnskoK. Phymk. 7.. 12, .V'is (lUllj, .b/ro Phyi-il:, 38. 7.V) (.lU12j. Chapman. Phil. 
rrrtn.s., 217 A, 11.') (Hum. Ph,I.M<uj.iA llOillHTi. 

* Chapman and Douison Phil. .May . 33. ;jtS (,IU17). 
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For a mixture of two inotopcH, Chapman has deduced ‘ a relation which has 
been given by Mulliken ® in the form 


1 ^ 1 X 2 = ktln 


r 

T 


17 Mi - Ml ' xiXi . Ti 
— . . __ 

3 Mi + Ml 9.15 - 8.25/1X2 T 


for molecii!<'s which ladiave like elastic spheres. Aj /2 stands for the difference 
betw(!en tla; values of Xi in the two temperature regions T' and T of molecules 
of mass M i and Mi present in mol. fractions Xi and Xn originally. Actually 
ill th(' (!ase of a mixture of hydrogen and carbon dioxide, kt is only about J to 
3 as large as the above eipiation indicates since the nVileeules do not behave 
as elastic spheres. Actually thermal diffusion is a much weaker agent for 
isotope separation than ordinary diffusion. It has the advantage that it may 
be adapted to rapid continuous operation. 

Maxwell’s Law: The mean value of the molecular velocity which has been 
used in the derivation of the expre.ssion p = Imnu^ is not the arithmetic mean 
of the velocities of all the molecules, but, as already defined, u is the velocity 
which, if possessed by all the molecules, would give rise to the same kinetic 
energy and the same pressure as that given by the gas with its random distribu- 
tion of velocities. The problem of Maxwell’s distribution law is to find out 
what fraction of all the molecules have any given velocity. That all of the 
molecules do not possess the same velocity requires no calculation, for, if, 
momentarily, they all did pos.sess the same velocity, colli.sions would immedi- 
ately disturb this uniform distribution. For the .solution of this problem, 
recourse is had to the concept of probability. Since the number of molecules 
present in any measurable amount of a gas is so enormous, the results obtain- 
able from probability considerations ajiply with great exactness. The ex- 
pression for the distribution of velocities in a gas was first derived by Maxwell; 
later, by different procedures, by Boltzman, Jeans, and others. Many of the 
derivations have been criticized; one of 
the simpler ones is given here, the con- 
clusions of which, at least, arc beyond 
question. 

The problem resolves itself into the 
following question. What fraction of the 
total number of molecules in a gas have 
velocities between x and / -f dx. The 
velocities at any moment may be repre- 
sented both in magnitude and direction 
by distances from the origin 0 (Fig. 5), 
the components of which are measured 
along the three axes IF, Y, and Z, at right 
angles to each other. The length of OP for instance represents the velocity 
of, a molecule which is moving in a direction parallel to OP; u\ y, and 2 are the 

‘ Phil, Mag., 38, 1S2 (lim)). 

* J. .4»i. Chan. Hoc., 44, 1033 Ul)22). 
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jomponents of velocity alonp; the chosen axes. The assumption is made that 
V, y, and 2 arc independent of one another. The total number of molecules 
& denoted by n, and the number whose te-component of velocity lies between 
w and w + dw is dni. This number is proportional to ri, to dw, and also to 
some function of the component of the velocity u\ lienee, 

drh = nf{w)dw, ■ (14) 

where/ is some unknown function. If now dn> are the number of molecules 
having u'-components of velocity lying between jc and w -f dw and simul- 
taneously having ?/-coinj)onents lying between y and y f dy, then the same 
reasoning gives 

dn. = dnj{y)dy = i>J{w)J{y)dwdy.^ (15) 

Similarly the number of molecules having simultaneously components of 
velocity lying between w and ?c -f dw, y and y 4- dy, and : and z -f dz is 
given by 

d!h = nf{w]f(y)fiz)dwdyd:. (lb) 

Kach of this nunib(‘r of molecules will b(‘ repr('sent<‘d by poiids .similar to P 
(Kig. V), and, from the aboV(* reasoning, thi.s number is proi)orlional to the 
volume eli'inent (dwdydz), to 11 , and will depend also on .some function of the 
distance, 01* (that is on sumc functi(m of .r), but will be independent of the 
direction of OP. This last statement is based on the assumption that, at any 
moment, as many molecules of a gas are mo\ing in one direction as in another. 
These fact.s are given by the expression 

dtii = nip(x)dwdydz — ud>(x'^)dwdydz, (17) 

where v? and 0 are functions of x such that v'f r) = <j!>(j‘). 

/(«')/(//)/(:) = 0(x^) - -f 1 / 4 :^). (18) 

DilTerentiation with respect to w \i('hls 

I'{^‘')Iill)J{')dw ~ 0'(ic’ f //• 4 2 ‘) 2 f/'f/(r. (19) 

Division of eriuation (10) by (18) gi\es 

/;(»') ^ 4 >f 4 zO , 

f{w) 0(iC‘ 4 >/ 4 z') 

Differentiation with respect to the other components and .subsequent division 
give.s the equations: 

1 /'(»•) ^ == == ( 20 ) 
2ic/(ic) 2yf{y) 2zf(z} <^(ic'-' 4 4 2 *) 

' This step may ncod fiirtlior amplifiralimi. The numiK'r of moloouh-s havitin y-rotn- 
poiienta between y and y + dy is 

dn *= id(y)dy 

as before, ‘but n molcrulos are no loiiRcr being considered, only those having w’-romponents 
between ic and tr + dvc. viz., dni. 
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(h' {w^ ~{“ “ip 2 ^) 

Tho constuncy of ' is clear, for the first members of the series of 

+ 7/2-4- 2*) 


equations (20) depend upon u\ y, or z varying singly while 


0'(7e2 -f 7/2 4- z2) 


4>{W^ + l/ + 22) 

dejieiids upon w, //, and z varying simultam'ou.sly. Tlie function / must ))e 
sueli that it satisficis tlie a))ove condition. By trial, 


is found to <lo so, for 


d(ac 
1 dw 
2w 


f{w) = 

- 'Idhioe 


( 21 ) 


( 22 ) 


2ir(ic ’ 

in which expression a and h are constants. Then 

J{w)f(n)f{:)=^ (23) 

or 

0(.r) - n^i 

The constants, a and b, can be (>valuated reatlily in terms of the average 
kinetic energy of the gas molecules. Th(' imndx'r (tf molecules, (//;, represented 
in Fig. 0 l)y points lying within a spherical shell of thiekne''S d.r and !it a distaiua; 
X from tin; origin is proportional to the volunu' of the shell ^nx-dx, to n, and 
to the function of x ju.s't cv.alualed. Ibuna*, 

(24) 


dn — iTTo'/fr’c '"’Vr, 

( dn = I ire hi j .re ''•'h/.r, 
./o 


11 “ 4;ra'''/i - . • 

4 \ h' 




If tlie average kinetic energy of the molecule is given by \mx^, then 

r* . . 

l7iiii.ro2 = .jiii- iTTiibi I .r.rv'^^'dx, 


and, from the value of a found above. 
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Substitution (►f tlicso valuos for « and h in ('(juation (24) gives for the number 
of molecules, dn, having velocities between .r and .r + dx, 


dn = d . ; - n/o 
\ ?r 


(25) 


The average xehicity of the molecule, . 1 1 , i> given by (he expression 
'() 


/i 


£ 


dn ~ d * / - n/o •* I 
\ Jo 


'‘■'ulx, 


/<■* 


*>, * 

. / - Jo * — » 

\ IT 1) 

* '.ro - t) ‘d2xfl. 

\:iir 


Ifefnialmn (25) is u>rd In plot niiiiiber.s <*f moh'cules against their velocities, 
a curve of the form ^hown in Fig •> is olitaiiK'd. 'I'lie total iiiimlier of 
iiioleciih's i^ giv(Mi by the^area inclmh'd 
be(\\('en tlu' eur\(‘ and llie a\i^ of .r. 

'FIk' total niliiiber of Illoleeule^ is 
given !)V the integial 


( 21 ;) 



CD ^ 

/ 

i 

y : 



X, 

I'lO. (» 


wlii'i-e (t and d aie (■on‘<lants at a E x x*dx\ 

given teinpei at lire. 'The foi m of 
('(piatioii (2fll "lioW'' (hat then' aie 
few nioh'culex li:iviiig veloeitic" th.at ale veiv l.'irge or va-iy small. A ealeu- 
lation '•how^ that over niiietv per cent of (hem liave ve|oei(n'> lying between 
Jji and pii, col resj)(tnding to the aiea \li('l)E in l‘ig. b 

It i'' now nece'"'arv' (o consider what elTeet the idea of (he vaiiation of 
molecul.'ir velocities' h:i'' oil (he di'iiv.ation of (he ideal ga'^ law and llu* dediic- 
tioiiv made .-o far. The piewure excited bv om' molecule moving with velocity 
Ji in unit volume vva*' shown to be \niAd- Supposi' a second molecule is 
present with velocity then the total pre'^.sure will be 


Hence if there arc n molecule 


wlu're 


pre.''eiit, 

n n 

Im ^ fj ^ 
a 1 

.rd + J- 2 ’ + • • • 


4 
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Ifonrc, tlio (‘filiation pv = IK is not affected. The velocity of gas molecules 
calculated from the expression pv = Jmn/o* does not give the average velocity. 
From the deductions made hy Maxwell it is seen, however, that the average 
velocity li is given hy 


ami the im[>ortant point to note is that the average velocity dilTi'rs from the 
velocity thus far consid(Ted by a constant which is independent of the nature 
of the gas. Hence, the conclusions as to the relative rates of diffusion of gases 
through cajhllary tubes are not aff(‘ct(‘d by the variation of molecular velocities. 

When a gas expands into an evacuated space (case II, Fig. 1), it is probable 
that the faster moving molecuh's will enter this in greater numbers than the 
slower moving ones and thus the temperature in the newly filled space will bo 
higher for a brief time before efjuilibrium is established; when this is attained 
no temperature change will be found to have occurred. 

Effect of Gravity on Gas Law: The probability of uniform distribution of 
the molecules of a gas in an mlafnl .s'/mre is inherent in tin; molecular tlu'ory, 
on the supposition that the number of molecuh's |)er cui)ic centimeter is cx- 
C(*(uliugly great. This is mtt the case and not to be expiTted in a gravitational 
field. Consider a molecule oscillating through a distance <IS l)etw(!cn the top 
nnd bottom of a flat box. Let its velocity, when it pa.s.ses through the 
center of the distance dS, be A'. The time taken for the molecule to reach 


the top or bottom from this point is 


dS_ ^ 
~2X' 


Due to the effect of gravity its 


velocity at the bottom will be X + g 


- and at the top it will be X 



Since the pressun* is given by the change of momentum tinier the number of 


impacts, the pri'ssures at the bottom and tlie top will be given respectively by 


2J.V + sg: 



Hence, the difference in pressure between the top and liottom is mg, the weight 
of the gas molecule. 

Therefore, in a gas, the pr(‘>sure must gradually decrease from layer to 
layer with increasing distance from the earth’s surface. The jirt'.ssurc at any 
point is greater than the pressure at a point higher up by an amount eriuivalent 
to the weight of the gas betw('cn. The variation in pre>sure with distance k, 
therefore, readily calculated. 

The density p of a gas is defined ns the weight of one cubic centimeter. 
This quantity varies therefore with the temperature and pressure, the (‘onnec- 
tion between the three being given in a convenient form by substituting the 

specification.s of the definition in the gas law pv = ~RT, where R = 0.082 when 
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p is measured in atmosjdieres and v in liters. That is, 


or 


,,•(0 001) = -?/«’ 

M 


pM 

looo/rr 


(2S) 


Now, let /^o lx* tile pn^'sure at the earth’.'' .''Uiface and p lx* I hi* |)re.*'sure 
at height h. At a di''tanc<‘ h ^^h, h*t the ])ies^ure he p - dp. It folhiws 
from the |)ref(‘diMj>; that, if /> i'' e\pie^*'('d in firaiii> piT '•ip eiii , 

— dp ” pdli, 

or, if p is e\jires''('(l in at niuspherev, and p in ffiani'' per ec , 

— I033(/p "• pdh, (2!)) 

wlu're p is tin* di’iisit v at heinlit fi and dli is sin;il|, Siihsi.tutinj; in this eipiation 
tin* valiK' for p po\(‘ii in (2S), tlii'ie n'siilts (he expics.vidu 

- l(l3;W/i - dh. 

11)00 A' 7’ 


'I'his (‘(pialKni h:is hei'ii found to Indd o\ei a raiijie wheif* (Ik* forca* of 
('ra\ity can he taken as constant. On intc^i:i(ion, it follows that 


1 


. 1 / 


p i,o;{;;.oooA‘7’ 


h I. 


(30) 


The int('}fratioii constant I iiia> he e\ahiated hy .si'ding p -- po when h " 0, 
whence 


and 


In - I 

/'■ 


Pn _ 


M 

I 

i,o;{;{ oo()A'7’ 


Specific Heats of Gases; The eneifj:y of a i;as at tempi'ratun* T is |i;iveii 
hy the eipiation of the kinetic theoiy 

K - ]pv ~ ]HT. 

Hy definition, the specific heat of one Kiaiii mol. of a pas at constant volume i.s 

C. = j - ']U = 2.1)7 .-aloiics. Ol) 

UlKin thi^, basis, the molecular heat of a pas should he independent both of the 
temperature and the nature of the pas. This has been eoiifirnied for all 
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monatomic j^ases so far examiiicd within a wide temperature range, the gases 
including helium, argon, krypton and mercury vapor.* The u.se of the ''ex- 
plosion method” of lierthelot^ by Nernst’ and coworkers (see Chapter VI) 
has [)ermitted sucli measurements to be carried beyond 2000° C. With 
monatomic gases the above coiiclusion is verified even at these extreme temper- 
atuH's, I.ow temperature measurements by Kucken on helium have shown 
that the same holds true with this gas at the temperature of liquid hydrogen. 

For all gas(‘S other than monatomic ga.ses, the heat cai)acity at constant 
volunu' is g('nerally greater than iR and it varies with temperature. The 
simj)le kinetic tlu'ory is inaihajuate to tin* explanation of this, and, as a eon- 
se{!U('ne(‘, additions to the tlu'()ry b('coine imperative. The additions take the 
form of assumptions with regard to llu' natun' and structure of the molecules. 
The inter|)retation of specific heat imaisurements is imi)ossible so long as the 
molecuh! is r(‘gard<!d as a matlK'inalical p(dnt, 

Tlui lu’inciple underlying llu' disciKsion of the specific lu'at of gases from 
th(! stand[)oiMt of molecular kine(i(“s is known as tin* principle of e(|uipar(ifion 
of energy deduced by Maxwell and llolt/mann making use of statistical 
mechanies. The principh' a.sserls that in a systmn such as a gas eompos('(i of 
inniinn'rahle moving parts, energy will be distributed e(iually along cvc'ry 
degrei' of freedom. Jh'gna' of frei'dom is |h(> name gixeii jo each po.ssible modi' 
or possibhi direeiioii of molion of a inoleeuh' Aeeoriliiig to Maxw'cll, the 
motion of a monatomic gas molecide which i^ moving freely in space can be 
fully (h'seribi'd by three momentary components of its \eloeity along tliri'i' 
axes of a coordinate .system in spaei', e.aeh axis at right angh's to the otlier, 
111 such circumstances the inoh'cule po^.'^(‘^^^s, according to Maxwell, a three- 
fold fri'edom of traiislatory motion or, alteinati\ely, has threi' degrees of 
freedom. The energy of a inoh'cuh' ii'soheil into these three comjionents 
ii\ y ami z is 

]inw' T + ]n>z-. 

For all the molecules present in a given space it follows from the di.^cns.^ion in 
preceding sections that 

JmiF-’ “ ]mif ~ \m:- = J/a; = \RT. (TJ) 

A quantity of energy equal to ]RT is thi'refon' assigned to each of the tliree 
degrees of freedom of traiislatory motion of tin' monatomic gas, corresponding, 
theri'fore, ns alri'ady set forth, to a heat capacity of \R calories, .\ny gas 
molecule whether monatomic, diatomic or polyatomic may posvo.sv, traiislatory 
motion with three degrees of fri'edom, may have, therefore, I'liergy in virtue 
of transhitory motion eipial to \RT or heat capacity in virtue of traiislatory 
energy equal to j/f calorii's. 

* I'or the li'cliniinu’ of .MU’li sjurilio lu'iit nu’:»>uu'monl>. 'Co ('haplcr \ I. where Mwer.il 
niolhods Jill' niM'U :i.s well some of the e'cperimetU.il leNtilt'.. 

'•Couipt. nml., 95, l.SO (is.sg), .tun. ('him. rhi/n., q») 4, 17 (IS.So), 

’ I’ier, Z. Ekktiocht m., 15, .VIO 1 11)00). 

* ihr, f/. {ihiisiL. (»>«., 18, -1 (H)l(i). 
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With f)thor than innnatinnio at lea^t two othnr tyjx's of motion must 
he consiclon'il. Tlie two atom> in a diatomic molecule may possess an intrii- 
moh'cular motion of the two utoni'^ with re^pecd to one anotlu'r, a type of 
motion giving ri^e to what may he termed \il)rational em'rgy. Such energy 
will he both kinetic and potmitial. The motion will he unidirectional or 
liinair, along the axi" of tin' diatomic niolecul<‘. On the Maxwell concept, 
therefore, oin' degree of freedom wouhi he a'^'igned to such motion \\ith a 
triatoinic inoh'eule it i-' e\ident that theie would he thna* tliri'ctions along 
which such linear Mhralions conld occur, and, hence, thiaa* degrei's of fn'cdom 
might tlu'refore he exiK'cted. 

In addition to tian^Iaturv ainl \ ihratory motion there is also tin* possibility 
that a ga" iiiohMuih' (UiergN of rotati(»n. h'ven inonalomi(i inoh'culi's, 

siiu'c they have \oluine, may pov.^o-. nttatoiw inolnui in aihlition to translatory 
motion There may h«‘ a "pm of tin' inoh'cuh* a" a wholi‘ about its «a'nter of 
gra\ity 'I'hat any (meigy accruing to a monatomic nioh'culi' from such 
motion 1 " "inall i" oh\ loU" fioin the fact alnaidy stattal that, over a wide temper- 
ature range, the heat capacity of a monatomic ga" is \h* cahuies corresponding 
to tin' three degiec" of freedom of translaloiy motion 'I'iie reason for the 
ah"eiice of rotational motion in a monatomic gas is not y<‘t I'lear, though tin* 
ap|)licatinn (d (piaiitum theoix max "crxe to ehieidatc' this point in tin* future 
(sei* ('tiaj)ter W h A diatomic molecule "hould ptt""e"s rotatorx' motion 
brought about hx eolli"i<'n with other inoleeule- 'Tin* two atoms of tin* 
moh’cule would dcM'iihe, as a ie"ult of (•(»lli"ioii, eiiciilai oihits around tin* 
(cnti'r of graxitx of the molecule 'The inotniii would he t wo-diieetioiial. 
it'"ol\ahle along two a\e" at light angles to (Un* another 'I'wo degrees of 
fi(*edoni might theiefon' he a""igned to "Uch motion. I’or a tiiatoinic gas, 
111 which all the atom" wi le "ituated along a gixeii a\i", two degrees of freedom 
of rotational motion would he ]to""ihle In t hiee-dimeiisional arraiigeiiK'iits 
of tin* atoiii" with ie"pect to one aiiothei tliiee degrees of freedom of rotational 
motion might he anticipated 

lAjieriineiital measUK'iiieiit "hoW" that diatomic ga"es haxe vaiying values 
for the molecular heat at oidinary tem|)eiatuii s and show an increase with 
increa"ing temperature; this is evident fiom the following data for tvpical 
diatomic gases. 

I'he explanation of the"e re"nlt-' i- hv no means estahlisln’d. It is generally 
agreed that diatomic molecule" po""e"■^ thiee degree" of free<lom in xiitue of 
translation. Two degrees of fieeilom max he assigned to the molecule in 
xirtue of rotational motion. Kruger’ would deny tlu' jiossihility of rotation 
hut Would substitute a motion which m;px he termed “ jireces.sional vibration,” 
the molecule jKis"e""ing g\ro."copic propiutic" brought about by reason of 
molecular collisions. It i" customarv also to ascribe to a diatomic inolecuh* 
a tlegree of freedom in xirtue of linear vihratnm of one atom with respect to 
tin* other. Vibratory motion in\olvt*s both kinetic ami potential (‘iiergy to 
each of which an energy (piantity ecpial to ]RT might he assigned. I'Vom 

' (iuU. \(ichr., I'JON. Ann Pliy-iik, plj 50, .110 (ItMO), 51, ■l.'iU (1910). 
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translation and vibration an energy quantity would result, corresponding 
to a heat capacity of = 5 cals, per mol. per degree. From translatory and 
rotational energy alone a heat capacity of 5 cal: per mol. per degree would also 
result. If rotational and vibrational energy were both included, the quantities 
would be raised to lUT for the energy and iR - 7.0 cals, per mol. per degree 
for the heat capacity. 

TAliLK I 


Mor.Kcci.AK IIkath at Constant Voi.umk hktwkkn 1 ° and li ° C. 

]Iy(lr()n:(*n: C, (1K°(\); 4.S7 ‘ 

( (0 2200“ ( '.) : 4.70 + 0 (M)()3.S^ 2 
(0-2500“ C .) ; 4.700 + 0.0004.;^ ^ 

NitroKcn: C,„ (0-2.500“ C.); 4.900 -f 0.000 15< > 


()xy«(!n: (0-2.500“ C.); 4.900 + 0.()0015« > 

IlydioKi'ii Chlori(l«: C„, (0-2200“ C.); 4.9S -f 0.000 IW « 

(dilDriiio: CV(lh;“C.); 0.00 > 

C„ (IS 027“C.); 0.0K9» 

C,n (is- 1027“ 0.S20 2 

(\„ (IS 1427“ (’.); 0.S9.5 2 
r„, (IS 2;i27“ o.osi ^ 

' biui(l()lt-Iiorii.'<tcin Talx'lN'u, 192.3. 

’ Wohl, Z. Klrklmvhcm., 30, 30, 49 (1921) 'I'lus jKipor nivcs a full troatini'ul of flic 
mean inoicciilar liraOs of h.vdroKon, <‘hIoriiu‘ aii<l hydfoiicii cliloiidc from tlo‘ slaiidpoint of 
(’XiaTiriiciil and <(iianhnu thcoiy of ^'a.^(•.H, 

* Pior, Z. Kltklmthvm., 16, SOS (1910). 


For triatoinic ga.s(*s, in a similar manner, one might expect three degree.s 
of freedom in virtue of translation, thns' in virtue of rotation, three in virtue 
of vibration, from thn'c p.airs of vibrating atoms, this hatter motion involving 
both kinetic and potential miergy. Translation and vibration should give a 
heat capacity of t) cals, per mol. per degree; tran.slation, vil^ration and rotation 
should give a value of 12 caF. p(‘r mol. per degree. Typical triatoinic gases 
vary widely from this prediidion. Water vapor at .50° C. lias a molecular 
heat of about (5 cals, and at 2000° (’. about 10 cals. Carbon dioxide has a 
lieat cajiacity of 7 cals, at room temperature and 10 .5 caF, at 2000° C. 

The continuous variation of heat capacity with temperature is not explicable 
on the basis of the principle of eipiipartition of energy. Kijuipartition would 
involve a con.stant molecular heat or at least a step-wise change in molecular 
heat by Rj'l cals, as a new ilegree of freedom involving a new type of energy 
became established. The quantum theory has been invoked, therefore, to 
account for the continuous nature of the increase in heat capacity with temper- 
ature. It has been assumed that the rotational and the vibrational energy 
are acquired by (juanta.* lOucken’s determinations of the molecular heat of 
hydrogen at low temperatures '* show that at 3.5° K. the molecular heat has 

*S(,>e (’Imptcr XVI. ,\k.. Hjorruin. Z. EUktnKhim., 17. 731 (1911); 18. 101 (1912). 
Wohl, Z. EkktnKhcm., 30. 30. 49 (1924). 

*Ber. d. phyiik. Iks., 18, 4 (1910). 
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fallen to 3 calories, that of a ninnatomic gas. Hydrogen in this state is evi- 
dently devoid of botli vibrational or rotational energy. The nioleeiilar heat 
at 473° K. is 4.90 which wouKl correspond to three degrees of translators 
motion and two of rutatitmal energy. In the interval between 3’)° K. and 
473° K. it is assumed that the rotational energy is acquired in quantum steps. 

Mean Free Path: Tliat a gas molecule has a delinite volume is borne out 
by experinumtal evidtuua' other than that dealing with specific heat measure- 
ments. When two ga.M's are brought in contact with one another, uniform 
mixing by diffusion of the gas molecules najinres a length of time (juite out of 
pro|)ortion to that which one would expect from a calculation of molecular 
velocities. This is due to the fre«ju«*ncy with which collisions occur. If A'o 
is the av(‘rage ^elo^lly of a ga^ molecule, then a bric'f c«m^id(‘ration will show' 
that there will be many ('ucoiintiM^ with otlu'r molecules while the molecule 
travi'ls through this di^'titnce A'o ( 'onMM|U(‘nth , its path is in tin* form of a 
zig-zag by rea'-oii of which a nnd<‘<-ule may at tin* end of a si'coiul be close to 
tin* jxiiiit from which it startl'd. Tin* a\ciagi* distanci* a molecule travi*ls 
b(*tw(‘('n two colli''ioiis Is ealh'd the mean frei* path, if r is tin* radius of a 
sphere which gives the average effective form of a inolecilh*, then a collision 
occur'- with aiiotliei iiioh'cule wln*n tin* center of oin* reaches tin* surface of a 
sjiheie (»f ladiih '2> -'Uiiounding the tir'-t. 'flu* idianci* of one inolecuh* hitting 
nnotht'r is therefon' piopoi lion.-il to the projected atea of tin* otln'i's, namely, 
iTTiii", wh(*re ri repiescnt" tin* number of moiccuh*'' pi'r cubic c(*ntimeler. The 
gri'ater the chance f(»r a (sdlisiou tin* -'iiialler will In* the fri'e path and ln*nc(* 
the frei* oath / i'- iiivcr^clv piopoi tion.al to tin* chance of a collision occurring 


/ - 


/.• 

•tn/i/- 


1 


(33) 


by Maxwell.' 


V‘i In-m* 

The jiroportioiialit V coii-laiit /: ha*' been e^timati'd to be 

Tait ■’ olitaiiK'd a different value for thl'^ coiist.-mt. 'fliis factor has to be 
correit(*d still further for the teinleiicv of the direction in which a moh'cule 
mov(*^ to J)er^lst after colli'-ioii has taken place. 'rin‘'-e 
calculations are beyond the scope of this chapter. 

It is jiossible to get an e-timate of tin* average 
distanci* a molecule will move in a '-ecemd from its 
starting point. Suppose a mol(*cuh* starts from a 
|M)int 0, Tig. 7, and at the I'lid of tin* free jiath a collision 
occurs, then the direction after tin* c(dlision may In* 
any one so that the molecule at tin* end of its sectunl 
free path wilt be at any point on the iircle, radius / 

For instance, if the molecule ju.st touches the (»in* it 

collides witli, then its distance from 0 wdl be 21, if it collides head on it 
will return to 0 and its total displacement at the time of the second collision 



I n.. 7 


’ Ji'sin'.s Dynamical Ttn-or) of (iases. ])p. .'i.',, ‘J.',(l. C‘ainl)n<lK<' 1’. Prens. 
’Tail, fifoi/. Soc. Edin. Tranii., 33, 74 (IKHd). 
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will 1)0 zoro. The average square displacement from 0 will he 2/^. Working 
on the {)lan of these averages, the third collision will give as the average square 
displacement 


= 






The prohahility of this is made manifest hy the diagram, Fig. 7, since it is 
e((iiully prohahle that the molecule will occupy either of the two positions 3 
at the moment of the tliird collision. Similarly the chances are equal that it 
will occuj)y any one of the positions 4 at the time of the fourth collision, so that 




1(2/)^ + {2iy\ + {21Y + (2/)^ + 0 


= 4P. 


(lenerally at the ?ith collision S^ — nP. 

In one second, the number of collisions are e(jual to ^ r where /i is the average 
velocity of the molecuh's. ll('nce, at the end of one .second, 

xd'' 


S^ = Y = 


(31) 


or the pn)duct of the average velocity aiid the mean free path. The average 
diHi)lacement is le.ss than the average square displacement. Hence, although 
a hydrogen mole(;ule travels with the velocity of 1.0 X 10^ cms. per sec., since 
I is of the order lO' ® cm. the average dis|)lac('ment of the hydrogem molecule is 
less than one cc'ntimeter per second. The average displaciuneut is of course' 
greatly exeu'eeled hy a small number of molecule's, for heith the- free path anel 
me)lecuhir velex'ity vary eneermeuisly. That the' average rate eef elilTusion e)f 
ga.ses is small is, heewever, neet surprising. 

A.sseiming that n is kneewn from ele*ctre)ly.sis and fre»m the value e)f the unit 
of electricity (.see C’hai)ter I, j). 2t)), there are twee unknowns in the equatieen 

I = ^ , se) that r must he eh'termineel hefeere I can he estimated. It 

V2 47r«r^ 

may he peeintcel e)ut that I is indepe'iielent e>f the temperature acceerding to this 
relationship. Kxperimental examination has sheewn that this is not the case 
hut this disagreement is in accord with another important proi)erty inherent 
in the molecules. Before considering this, the next section will show how 
the mean free j)ath may he measured. 

Viscosity; Viscosity of a fluid is a term applied to the inner friction which 
tends to bring to rest portions of the fluid which arc moving relative to one 
anotiier. The coefficient of viscosity is defined as the force which, when 
applied tangentially to each scpiare centimeter of a plane of a fluid at a distance 
of one centimeter from a parallel plane of the fluid, will give a uniform velocity 
of one centimeter per second to the first plane relative to the second. If rj is 
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the coefficient of viscosity, it follows that 

■ F^riy. ( 35 ) 

(is 

where F is the force ai)|)lie(l per unit area of a plane whose vc'loeity / varies 
with respect to a iiciKhlxiriiiR plane ds units (li>tant. 

The definition of tlie c(K*l!icient of \iscosity is cunihersoine. Its lUeanini? 
may he perhaps elucidat('(l by an application to a problem deabiif; with the 
experimental method' of imaisurin^ th(‘ ^l'^co^lty of a fluiil by its rate of flow 
through a narrow tulu'. It i^ a^'^'iimcd that the fluid flows in stream tines, 
without turbuh'iit motion, along the tube, a condition which is in agrtamient 
with experiuKMital cMtlcncc' pro\iding the diameter of tin* tube is limited to ii 
(•('rtain range depending on tin* Mscosity of the fluid. Let P la* tin* dilTcrence 
in jircNsure jX'r s(\narc centimeter b(*twcen twtt ends of a tube of radius I{ and 
length Ij. Dm* to \iscosity, the cylindrieal shell of fluid ipiite (‘lose to the 
walls of tin* tub(' will lx* at n*st, tin* rate* of How <tf cylindrical shells inert'asing 
the iK'ari'r to tin* center, (‘onsidc'r a c>lindiical sln*ll, radius moving with 
a V(‘locity .r. The area of tin* c\ liinlrical sln*ll is ‘2irrL, and, ln*nce, the tangential 

force acting on the c\linder oppospi* to the direction (*f flow is — 2nrL -- 

(Ir 

'I’lie minus siun vijrnidcs that as / (which is nn'asiired from the c('nlcr) incn*as('s, 
X diminishes The btree .acting on tin* (*nd of tin* cylinder i*^ /V?\ When 
('(juilibniim has been I'stablishi'd, the flow of Inpiid through tin* tula* is uniform 
and these two forces must balanci*, so that 

l*ni‘ - r], 

dr 


2Lr} 2 


W hen r - /L .r 0. Hence, 


iLi? 


- rT. 


This expression gi\<'s tin* \elocitv, at sf<'a<ly flow', of the cylindrical .sh(*ll of 
radius r. 

It is diflicult to measure tin* \el<a-ity of How at any particular p»tiiii, but 
the total volume IL flowing through tin* tube per secamd can be readily de- 
termined. This is given by 


ir= r2Trridr 

Jo 

= ^ . 

SLr] 


irP 

r{IP - f)dr 

2A»/./o 


{.'If)) 


ri can therefore be determined by m(*asuring P, It', r, and L. 
* Poiijcuillc. C'ompt. rend., 15, 1107 (1H^12). 
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In tlif! ca.se of a gas the determination of the viscosity is attended l)y many 
difficulticH, PoiKcuille’s equation is the basis of the experimental method. 
'J’lie diameter of the tube through which the gas is forced must have a certain 
limiting value to prevent turbulence, and certain corrections have to be applied 
for the expansion of the gas.^ 

The visco.sity of a gas give.s a measure of the mean free path of its molecules. 
Tliat this is tru<‘ can be demonstrated by the following argument. Two 
parallel planes, A and B, in a gas are at a distance I apart, where / is the mean 
free j)ath. If the matter in j)lane A has a velocity dy relative to the matter 
in plane B, then the tarigential force per scpiare centimeter on .1 with reference 

to B is rj y . The number of molecules contained in a .section of one square 


centimeter and bounded by the two planes is In, where n is the number per 
cubic centimeter, and lln molecules may be considered as oscillating between 
the two planes. When a molecule leaves plane A, its velocity component in a 
directioti f>f mu.ss flow of the gas is greatei jy dy tha?i that of the molecules in 
plane B, so that when it reaches ))lane B its momentum is decreased by m-dy 
and the momentum of plane B is increased by that jimount. On its return to 
plane A, m'dy is the momentum giv(‘n up in the tangential direction; hence, 
the change of momentum in a tangential direction is m‘dy multiplied by the 


number of impacts, y , wlnu-e A'l is the averagi' velocity of the molecules. 


Hence, the total chatige in momentum in a tangential direction is a measure 
of the tangential force betwecui the planes .1 and B, and is given by 


so that 


, dy dy 
I ^ I I 


rj = InXdm = JpA'd, 


(:i7) 


where p is the (huisity of the gas. Since* A"i can be calculated from the temper- 
ature, it follows that a measurement of the viscosity enal)les one to calculate* 
the ine’an free path. 

Maxwell was the first te> pe)int out that, in agre*ement with the preceding 
eeiuatie)!!, the visce)sity e)f a gas is inele|)e*ml(*nt eif the j)re.ssure. Thus, eleiubling 
the pressure will deeuble the elensity. On the e>ther hanel, the mean free path 
will be halved. This has been verified within the obvious limits given by the 
dimensions of the apparatus which must be considerably greater than the mean 
free path itself.'^ Since the velocity of a gas molecule is proportional to the 
square root of the temperature, it follows from the above relationship that the 
viscosity is jiroportional to the square root of the absolute temperature. This 
has not been found to be the ease; the viscosity increa.ses with the temperature 

' SohuUiso. Phmik, 5, 140 OOOl). 

*Mnxw«'ll. /Vt»/. Tniuft., 156, g4!> (ISSO). 

» Millikan. Phys. Kei\, 21. 217 (1923). 
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ill marked contrast to liquids whoso viscosities decrease witli increase of 
t<'mperature. Tlie increase of gaseous viscosity is more rajiid tlian the one 
half power of the temperature, which means that the mean free path must 
increase with rise in temperature. Thi^ is. as will he seen shortly, of the 
greatest importance in connectiim with the nmleeular theory of gases. 

In the following table the vivcd.^ities for a number of gases at 0® are 
given, together with the mean free path calculated by the above relationship. 
More exact results are obtained by taking into aci’ount the persi.stence of 
direction of nutveinent and other correct ictiis of a rather complicated nature. 
The values thus obtained are per cent smalhn* than tho.se given here. 


TVni.K 11 

N’lsiusIlOS \M) Ml FkKI PvlHrt \r 








TJ \ 10‘ 

A'l 

p X 10* 

1 X 10* 

Ho 

ISO 

I JI (KM) 

170 

20 I 

\U 

S.'t 

170, (MK) 

M) 

10 7 

(’() 

lUi 

i.yioo 

12(>() 

s..'’) 

N; 

lo7 

I.”), too 

lg(>0 

H7 

(): 

I'L' 

fj .".(M) 

1 l.OO 

0 ,"> 

Ar 

Jll 

.vS.OOO 

1700 

0 ,{ 

( (). 

1,0 

.{(>,-'00 

1070 


' \ ,il’irs for \ 

ill ti iiiiiiii‘i| liv Ki t-l.iik \ < II 

I‘lnl \tii<l 38, .^.s 

2 (1010). 111. 


li.’K’}), .Ink yVi//'.)/,, 5. I00(l'*01i, Is Stlmiitt, liot /Vk/si/, 30.^10(1000), 1 Ii iilniiii, /Vii/. 

, S ilspt), Siluill/O, Anil phi/'.ih, 5. 110 (I'lOl), ('/. .n-aii'i, I )\ iimiiik-mI 'riiciirv of 

(l.iscs, |( Jss 

Conduction of Heat: Tin* inechani^ni of IIk' conduction of he.at through a 
gas Is int iinali'ly coniicctod with IIk* pliciiomciion of tin' mean free p;illi. In a 
gas, the .space betuei'ii a li\ pothel ic;il plain' ,1. maintained at a tempi'rat lire 
T f 1'^, ;uid li, maintained at a tem|»eiatur(' 7"', may be imagined as being 
di\ided uji iido .section.s 1 . 2, d, ' ’ ' > ‘‘t* . I'V par.'diel planes distant / from one 
another, wlw're / is (he mean free path Before (-(piilibrium has bemi established 
the molecules in scctiini I next to jilaiie .1 ha\e a xehn-ity greater than that of 
the molecules in (he other section, s A molecule starting from plane .1 and 
meeting a molecule from section 2 will .shale its velocity with the latter 
ujion colliding, so that this niolei'iile will now ha\e a velocity I'orresfionding to 
T -f 1°. At the end of its path thi> \eloeily will be given to a molecule in 
.secti<in d, and so on, with tin* result (hat, if the molecules of a gas were only 
moving in a direction pi'rjiendicular to tlu' planes, (he rate at wdiii'h the in- 
cre.ased energy of the molecule.s in .si'ction 1 would travel wamld be proi>ortional 
to Ji, the average velocity corresponding to a temperature T -h 5°. Hut, since 
only one third of the molecule.s in each .section may be looked upon as trans- 
ferring energy in this direction, and since they must conu' into temjierature 
equilibrium with all thr* moh'cules in their si'ction, the incr(‘as<'d energy has to 
travel at right angle, s in each section and is thu.s difTused. The greater the 
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nurnhor of HOfitions tlio lowor will thoreforo bo the rate at which the increased 
erierKy will travel in the direction perpendicular to the planes and this rate is 
then'fore proj)ortional to Xil. But, it is not solely the energy duo to increased 
v('loeity which travels in the direction from A to /? in the case of molecules 
com|)osed of two or more atoms. The rotational energy is in equilibrium with 
the translatory energy and, providing this equilibrium is established rapidly, 
the amount of energy which finds its way from .1 to li per second will be pro- 
portional to the rate x\l and to Nn, where 7i is the number of molecules per 
cubic c(‘ntiineter and N the degrees of freedom of one molecule. 

Specific thermal conductivity, K, is defined as the number of calories re- 
(juired to enter unit area of jilam* A in order that the tiMupi'ratun' of planes A 
aiid li may remain const.ant, at T -f and T respectively, when the planes an' 
unit distance apart. Hence, 

K = kixiNn. 


Since tin; vi'locities of the molecules of various gases at the sanu' teinjierature 
an^ inversely proiiorlional to the square root of their molecular weight M, a 
comparison of the thermal conductivities should lx; given by 


K = 



(8S) 


TMU.K 111' 


( ‘(iMCMtlSoN (il 'I’lll' IlM \I, ( 'uNIU ( 1 IV 1 1 11 



K X l()« 


'' 

k' 
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;w(i 0 
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:e»7 0 


1 n 
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(> 7 

Nj , . 
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.-> 20 

0 s 

(h . . 

.'■>7.0 

.■) 

.■> 00 

OS 

Ar , , . 

ao 0 


0 .12 

s.s 

(’Oj . 

a;{.7 

u 

0 o;i 

0 ."> 


' ViiliK's for I taki'ii fiolu II, IumI romluclix itiC't, Kuckon, Z, 14, 

(lUl.'I): Scliwarzt', Ann. l^liusik, 11, .Uia (I!IU;{). 


The constant k' is seen to be tlu' same for diatomic gases but has a larger 
value for monatomic gases. The explanation for this is perhaps to be found 
in the fallacy of assuming that equilibrium is instantaneous. Thus, if S.7, 
the constant for a monatomic gas, is correct, X for a diatomic gas would be 
3 -f 2c, where e is a fraction indicating that the increase in rotational energy 
corresponding to the increase in translatory energy ha.s lagged behind. The 
l)ossibility of this has already been touched on in tin' discussion of the specific 
lieats of gases. There too it wns indicated that, at very low tem{)eratures, 
a diatomic molecule behaves ns a monatomic molecule from the point of view of 
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enoiKy content. The tln'iinal comhictivily of hy(lro{;('n lias hei'n examined ’ 
at very low temperature^ and Ihen^ the \alue .V ~ 3 i.s reqniri'd to give a 
value S.7 to k'. Thi.s, tln'ii,.!" in goo<l agreement with the sjiecilic heat 
mea.Mirements. 

Attractive Forces between the Molecules: The subject matter itf this .sec- 
tion may be con\ enii'iitly lutnxlueed b\ eon'>idering the variation (d viscosity 
of a gas with tin' tt'iiijieiat ure ha> been menlnuKal Ixdore, the \iscosily 
formula jin'sents certain di‘'cr(‘|)ancu‘'s ina^'inueh as «'\|tenmenlal results an* 
not in agna'iiient with tla* tluMiretical n‘Iatu>n''liip that 

T) J/jr, LplylT. 


Suth('rlaiid - fniiiid that the i(*lal ionslnj) 




Ct!!) 


nuue lrul\ lepie'-ent'' the expt'iiiiH'ntal f.ict'' 'I'hu*', / is jiroporlional to 



or, 111 other wiud", the free path, /, iticii'a-'Cs with low(‘iing of tin* 


temperatuie, Kurt hei more, the Nairn* of t' is not a uni\ersal constant but 
v.iiie- niaikedh ftoiii ga^' to g.C'. ha\ing tlie *'m.ilIeNt \alue bu’ heliuin and 
inen'a*>ing inarkedl) in the older. h\diogen. nitiogeii, owgen, carbon dioxidi*. 
'rile (lUe-tioii a" to what is the eai^e of the inena-e in tin* mean free* jiath with 


IM* in inoleeiilar \el(»eitN can be an^weied ItN a''surning that attractive forci'S 
exist belwieii the nmlceule^ It 1 ^ i.bvioU" that the number of collisions 
between the gM" iiioleeiih *> Will be iiicK a^ed and theiefuie the mean free path 
(leeie.i'-ed by Hieh fniac' It l- .ibo nbv mils that the greater the vi'loeity 
of the iiioleeiih'. the smaller Will be the l•jVe( I of viich a force 111 tending to di’tlect 
the molecule finiii it" p.itli so a" t'> faille a colh''i<m With another 'I'liUs, tin* 
exMence of fone- of mutual attiactnui will explain the vaiiation of the mean 
free jiath with the temperature. 

If niU"t be pointed oul that the explanation given above is not tin* only 
pov^ible one. 'bhe mean flee jiath Is inveisely luoportional to the sipiare of 
tin* dianietei of the iimh citlc". If the iimh <-ules are compressible, t heir iiveragi* 
<lianu‘ter will be decrea"ed with n^e in lem|>erature due to the gri'ater imiiiict 
on collision, with the lesult that tin* mean fu'c* jiath will be increased As will 
be se'-ii later, the coinpre""ibility of the molecules may play a part in the viiria- 
lioii of the mean free ])ath, but what is known of tin* coinjiressibility of the 
molecules makes it iinpo'^sible to accmint f(>r the value of (' in Sutherland’s 
eipiation. The cxjierimcntal values of U are far tmi large to be accounted for 
by the coinjiressibility of the molecule, and the values of (! for various gases 
are by no means in the same older as the comjiressibilitii's. Ib'iice, the first 
exjilanation is jirobably the correct one. 


' Kuclvcii, 6itz. pniii^s. Ahu!. ITma , Itl (IDIJ). 
* Sutherland, rhil. Mag., (G) 35, 507 (Ib'Jd). 
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The rcltttive values of C for various gases show that the forces are by no 
means in tlie nature of gravitational forces, that is, they are not dependent on 
tlie relative mass(!s of the molecules. The forces are specific, and depend, 
from the ()oiiit of view of the modern theory of the structure of the atom, on 
the relative distributions of the electrons and the positive nuclei in the molecule; 
that is to say, these fore(‘s of attraction are chemical forces. 

The variation of the mean free path with the temperature is of course by 
no means the only evidence* of the existence of molecular forces. Deviations 
from the id('al gas law, changes in temperature upon the expansion of ga.ses 
when no (‘xternal work is j)erformed, lifjuefaction of gases, all are evidence of 
the existence of attractive; forces between molecules. Actually, it will be seen 
that the (;ssential diffenmee b(;tween a liciuid and a gas is due to the fact that 
a licjuid is matter (‘xisting under conditions such that the attractive forces 
I)redominat(; in determining tin; proj)erties of matter in thi^ state. 

Viscosity and Molecular Diameter: Uankine has employed his experi- 
mental (h'termiiuitions of gaseous viscosities in the cahnilation of the radius 
of a variety of gas molecules.* Maxwell’s ecpiation connecting viscosity and 
mean free i)ath is 

V = 


where is the av('rage velocity of the molecuh's. More correctly, the equation 
may be written 




where e(iual to the root mean molecular velocity. Similarly the Max- 

\ P 

wellian ecjuation connecting the mean free path I aiul the radius is (cf. equa- 
tion 33) 


n being the number of molecules per cubic centimeter of gas. If, now, one 
substitutes in this equation the Sutherland ('.\pres.sion for the true radius ro 
by means of the ecpiation 





it is possible to derive the value of ro from measurements of gaseous viscosity 
with the aid of the three equations given, llankine utilized this method in 
his earlier work and obtained values for the inert gases varying from helium 
= 0.84 X 10" " cm. to xenon = 1.53 X lO”** cm. 

Considerable interest now attaches to such measurements, since, by use 
of X-ray analyses of crystals, data on molecular distances and radii are being 

'Proc. Roy. Soc., 83, 510 (1910); 84, 181 (1910); 86, 102 (1912); 91, 201 (1915); Phil. 
Mao., 29, 652 (1915); 40, 510 (1920); 42, 001, OIG (1921); 44, 292 (1922). 
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directly obtained. (See ('hapfer V.) Hankine lias tlierefore extended his 
n»easiireinents recently making u.se of a .'<onie\vhat more complex formula-, 
develoj)ed by C’hapman,' of the/orm 

. , 0 101(1 + Opb 

Itt/,,* = — » 

V- "’I ^ + y. j 

where the syinltdb ha\e the siine .sinnilicaiice af> above, 1’, Itowever, beiiiK 
the mean lUdleciilar whicity, ( 1 t a «-on>tant which in all ca.M’.s iiive.‘'lij;:ited 
do(‘s not dilTer by one jx'r cent from unitv. Itjmkim* has shown that liis 
ineasureinents of inoh-cular diametcr> ^o calculatcal from ('NperinaMital de- 
terminations of \i‘-co'<itv an', in the mam, in afireement with the modi'rii con- 
cepts of inol('cuI;ir make-up sUfif'i'-'led by tiu* bewis-Kossi'l-banj^muir 
theory of tile atom. 'I'lK'y sc-rvi* aNi> a^ confirmatory e\idenc(' for inoli'ciilar 
maj'iiitiides deduced from crvst.-dlonraphic analysis by the X-ray nu'thod. 
'riie following; t;ible ^i\es soiiu' »‘om|>aiati\ (‘ daf:i 


Tviu.i: IV 

.MuIMIIMI MvitM Ml\sl ItIMISIS \M»(MMK(»eK N’iKCONII I h S 
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1 17 
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lo.ii.ii- 
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XftHPll 

1 1 .1,'. 

1 „ 

1 7 :, 
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Apparent Deviations from the Ideal Gas Law: 'I’he variation of tlu' density 
(tf a ^Ois with distance fiom tlu' (‘aith's surface has already Ix'i'ii accoiinbal 
for by tlie I'lTect of ^ra\it\ I'he other apjiarent discn>panci(‘s in tlu' ^as law 
were of a inoie serious miture .at a time when the fundamental truth of Avo- 
V;adro’s hypothesis was not n-.ili/ed d'liiis, the measurements of DumuH* 
sei'ined to show that sulphur \aj)or, i«)dme vapor, ammonium chloride, and 
a number of other \apors did not conform with tlie e(piation 

pv - MiT, 

Thus, ammonium chloriile, in tlie vajior state, K.ave pressure.s greatly exci'oding 
those calculated from the aliove eipi.-itioii 

In the case of ammonium chloridi' the abnormally hi^h pre.ssure can bo 
accounted for by the dissociation of the molecules in the vapor state into 
ammonia and hydroKen chloride according to the e(piilibrium 

MI4CI z Mia + iin. 

' Phil. Tram . 216, 317 (lUlU). 

*.4rm. Chim, Phyn., {‘J) 33. .137 (IH20). 
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If this chemical eciuilihrium exists and a is the fraction of ammonium chloride 
dissociated, the total number of gram molecules present will be n(l + «), so 
that 

pv = n(l + a)RT 

and the gas law is found to hold when the chemical dissociation a is taken 
into account.* That this chemical dissociation actually occurs is proven by 
diffusion experiments carried out with the apparatus represented in Fig, 

It was found that the gas which diffused through the capillary tube contained 
an exc('.ss of ammonia. This can only be the ca.se if the ammonium chloride 
is split up into hydrogen chloride and ammonia molecules, in which ca.se the 
lighb'j* ammonia molecules would diffu.se more rapidly. Similar jdienomena 

of chemical a.ssociation and disso- 
ciation were found to occur in the 
gases investigated by Dumas. 

Real Deviations from the Ideal 
Gas Law: With increa.sed rofuiio- 
ment in experimental technique it 
was found that the gas laws of 
Hoyle and (lay Lu.ssae did not hold 
exactly. For any given gas, the 
n\ a g n i t u d e of the di.screpancy 
incH'a.sed with inerea.so in ))ressure 
and lowering of temperature, with 
every jndi(‘ation Unit the gas law 
would hold exactly only at infinite 
dilution of the gas. As an exainjilo 
of the magnitude of the variation, a 
number of values for M for methyl ether, determined at various temperatures 

7/i 

and pressures, and calculated on the basis of the ideal gas law pv = — RT, arc 

M 

given in Table V, and rejiresented in the accompanying diagram, Fig. 8. 
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Fiu. 8. I.HothiTinal MoU'ciilar \V«‘lKin (’iirvrs 
for Methyl Kther 


TABLE V 


Tcmi). 

Pros, 

M 

Tenij), 

Pres. 

M 

Temp. 

1 Pre.s. 

M 

~ ID.l 

7«.()U 

47.00.') 

0.0 

70.00 

47.22 

08.0 

70.00 

40. 19 



47.42 


73.80 

47.19 


74.37 

40.48 



40.84 


35.o;i 

40.59 


34.31 

40.30 


10.54 

40.47 


18.55 

40.38 





0.70 

40.305 

21.5 

70.00 

40.94 




~ H.G 

76.00 

47.53 


35.28 

40,475 





74.12 

47.405 


10.49 

40.2.55 





37.7;i 

40.83 


18.08 

40.25 





‘ A. Smith ami Lomlmii, J. .Im. Chem. .Soo., 37, .TS (HHa). 
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The figure sliows tliat the isothermal .1/ eur\es converge to the saim' value 
for M at P = 0, the value there being exactly that demanded by the theory. 
At all other values of the pre>sure P, de\iations e^i^t and, for eciual values of 
P, they are greater the lower the tiunperature. 

These discrepancies whicli are illi^trated by the above example, but which 
are found to exi>t to a greater or less extent for all gases, cannot be e.xjdaiiu'd 
on the basis of the cln'inical a^'^ttcialion or di'"'Ociation of the moh'cuh's, 
DilTusion experimcMits do not reveal aiiN >m-h inlluenco^ at work as wen* 
found with ammonium chloride. S<*me oth(*r elTect, or elTects, must be tin* 
cause of the.se departures fnun the ideal ga^ law. 

A striking ('\amj)l(‘ of d(‘\iation fioin the idi'al g;is law.s is obtaiiu'd by a 
study of the mixing of two ga^es between which no chemical r('action i^ known 
to take jilaci*. Thu>, when ('tpial xolume^ of two ga'^(‘^ (‘ach at aimo>itheric 
pres, ''lire an* mixi'd in a xt'sscl h.a\ing ex;ictl\ twice tin* \olunn* (*f (‘ilher gas, 
tin* resultant jin'.ssun* of the mixtun* h seldom found to bi* om* :ilmo''pher(‘. 
T;ible M givi's the ju'e'''-un* changi**' obtained wln'ii a seiii's of pairs of gases 
wi'R* mi.xed in this way. 
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Van der Waals’ Equation : In IsTd \an der Waals attempted bt account 
for tin* de\iation^ from the ideal gas law on theoretical grouinls by taking into 
consideration the existence of niohaiil.ir foices and the space occupied by lh(( 
molecules tlnujiseh The le^iilt <»f lii^- effort is given by the I'qualioii which 
bcarN Ids name, and although we now know that it l^ only a first order corn*c- 
tioii, ncM'rtheless this r<juation h.a*' been of inestimable value paificidarly as 
tin* Nec{md order correction** are difliculf to define with ma(ln*matical ex;iet ne.ss. 

Van ih'r Waals employed the following reasoning In the e{|Uafion 

pv - M{T, 

the volume v should only represent tin* space throughout which the mole- 
cules are free to move and should (In-refon* In* replaced by (v — h) w’here 
h is proportional to the space occupied by tin* molccul(*s tliem.selves. Since 
the molecule.'^ which approach one another cannot have th(‘ir cciiUts within 
the hemi.sphere of radius cr, it follows that h i.s eipial to \'Kna\ where n is the 



98 


A TREATISE ON PHYSICAL CHEMISTRY 


total number of molecules in volume v and a the molecular diameter. Hence, 
the equation bcicomes 

p{v ~b) = NRT. 

Furthermore, the molecular forces will affect the pressure of the gas. A 
molecule in tlu; center of the gas is surrounded on all sides by an equal number 
of molecules; liencc, the effect of molecular attraction on the average velocity 
with which it moves will be zero. This will not be true of the molecules near 
the boundari(*H of the gas jdiase. The molecules will be attracted equally in 
all directions tangential to the boundary surface of the gas; j)erj)endicular to 
this surface, however, the attraction towards the main body of the gas will 
not be comj)ensate(l. Hence, the molecules moviiig perpendicular to the 
surface will have their velocity diminished by an amount proportional to the 
attractive force. But the pressure is registered on the manometer by these 
very same molecules which are moving out of the main body of the gas. The 
pr(!ssure P regisBu'ed by the manometer is therefore smaller than the true 
pressun! corresponding to the average velocity of the gas molecules. The gas 
law should therefore be written 

{P-hDiv-h)^ NRT, 

where / represents the (dTect of the molecular forces. This factor / is pro- 
portional to the number of molecules colliding with the manometer and, 
therefore, the numl)er of molecules in the surface layer of a gas and the effect 
on the surface layer will be proportional to tin; number of molecules in the 
rest of tlie gas. lioth tliese (piantities are pro])orti()nal to the density of the 
gas and, hence, 


since the volume of a given mass of gas is inversely proportional to its density. 

(^l> + ^^{v~b) = NIiT ( 41 ) 

is known as van der Waals' equation. 

It has already been pointed out that, at infinite dilution, the ideal gas law 
is found to be true. Van der Waals’ eijuation is in agreement with this. 
Furthermore, the actual values found for the pressure of gas even at very high 
pressures are approximately represented by this eejuation. 

The properties of gases at high pressures and low temperatures may now 
be discussed with van der Waals' equation as a guide. However, before so 
doing, the assumptions iipide by van der Waals will be indicated in order to 
show that a great degree of exactness cannot be expected from van der Waals' 
equation. 

It was assumed that h, representative of the space occupied by the molecules, 
should bo independent of the temperature and pressure. That this is not the 
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case can be demonstrated by deriving the equation in an entirely different 
manner, which shows also iiow the volume of the molecules affects tlie pressure 
registered by tlie manometer. It is assumed for the moment that tl>e molecular 
attraction can be neglected. The molecules which strike the manoimder do not 
travel from the midst of the bulk of the gas, but Cdine from a distance, /, where 
I is the mean free path, ('on.sider a manometer surface one sipiare centimeter 
in area which is in contact \Mth a ga" of volume 1’, and let A’ represent the 
total number of moh'ciilcs and a the number of inolecuhs p(‘r cubic centimeter, 
bet / be the velocity of the moh'cuh's. TIumi, the number of inijiacts recorded 


I)er second by one molecule will be 


u;)' 


the expre.s.sion - being halved 

because only the imJ)act'^ on tlu' manometer and not tho>e at tlu' otlu'r end of 
the path are lu're con^ider(*d. d'ln* nund>cr of nn)lecules cmicerned W'ill be 
+ /), wlu're ; i> tlu' radiu^ of the molccuh*, (2/- T /) being the distance from 
which tin' molecule'' can reach tin* nianomel('r, the numerical factor, J, sigid- 
fying the number which on tin* .'uc'ragc' mo\(' p<’rj>('ndicular to the iminoineter 
surface, hiach impact record" a j)r('""ur(' ‘Jmi, •'O that tin' pre.ssure per sipiare 
c(‘ntimct('r, />, is 


j) = 2mr'\u('2r I) 






Since / i'' large couipan'd to r, this may be written 

/'(l “ 


becaU "0 


.V and n it follows tl 


From the tlefinition of A' and n it follows that ?i = y, . lli'iice, 


pi 


where V contains one gram molecuh*. Hut I, the mean fre<' jiath, is c(|ual to 


Hence, 


or 


1 1 V 

-1 ^['2 irrit -t V- A' 

;-(r - sV2 irr’.V) = liT. 


( 42 ) 
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But, tirr^N in tho volume occupied by the molecules. The result is therefore 
obtained by menus of this derivation that the volume correction is proportional 
to the space occupied by the molecules but the conclusion is based on a constant 
mean free path. It has already been shown that the mean free path will be 
affected by the molecular forces, the extent to which the mean free path is 
afb'cted beinj? dependent on the temperature. The lower the temperature 
tin; f'H'ater is tlu* effect on the mean free path. Hence, b of van der Wa:ds' 
e(iuation cannot be expected to remain constant !)ut will be proportional to 
some functioji of the absolute temperature. 

I'lven the constancy of the space occupied by a molecule is an assum])tion 
which cannot be taken for granted. T. W. Richards ^ has drawn attention 
to the probable effect of temperature on the volume of the molecules. If the 
volume of the molecule is subject to change, it is beyond (luestion that the 
magnitude of these molecular forces will also Ixi afb'cted, so that a will also 
vary with the temperature. Sufficient has Ix'en .said to draw attention to 
further corrections to which the eipiation of van der VVaals must be subjected. 
It is, however, a first order approximation and the basic idea of taking into 
account molecular forces and the volumes of the molecules has served the 
purpose of amiffifying the molecular kinetic theory, making it jmssible to 
appreciate, qualitatively at least, the phenomena connected with comju’essed 
gases and liipiids. 

Temperature Changes on the Expansion of a Gas: In the di.scu^sion of an 
ideal gas which expands without performing exfernal work, that is, expansion 
into a vacuum, the ab.sence of any temperatun; change was mad(' appanmt. 
In the ease of any gas which is no longer limited to tin* condition that p is zi'ro, 
a temperature change does occur. This temperature changi' was discoven'd 
by Joule and Thomson and is known as the Joule-'Fliomson etfeet.'^ This 
effect consists in a rise or fall in temperature when a ga.s ('xpaiids ai'cording to 
a mechanical arrangement illustrated by Ca.se 2, Fig. I. This arrangenu'nt is 
actually attained by use of a porous plug. We may now imiuire into the 
influence of tho volume of the molecules and of the molecular force.s in this 
effect. 

(a) Effect of Volume: The space occupied by the molecules themselves 
accounts for a rise in temperature; the force of attraction between tlu' molecules 
accounts for a drop in temperature. I'iach of these factors will now be con- 
sidered separately and in detail. 

Suppose that a gas consists of nn)lecules ha\ ing a definite \ olume but having 
no attraction for one another. In this case a in van der Waals’ equation 
would be zero, and the equation 


V{v - h) - NRT 


would represent the relation between tho pre.ssurt', volume, and temperature of 

* Uichunlrt, J. ilm, Chem. Soc., 36. (U7 (1914). 

* Thomson ami Jouh’, Pfut. I'lam., 143, ar>7 (l.So'J). 
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this gas. At a fixed temperature, this et|ualioii ean 1)0 written 
, pv = k A- i>P- 

This means tliat the value for pv increases ^^ith lise in |)re^su^^ Since pv 
is a measure of the mechani(‘al energy which may he (leri\e(l from a gas, it 
follows that, when a gas expands without doing e\ti‘rnal W(»rk, a certain 
amount of availahh' {'iicrgy has hcam lost e(juivalent to /)•(//), wln're <//; is the 
chang(' in pressure'. Since thi^' i^ impo'^vlhh*, it follows that tin' gas must have 
been hc'ated uj)on e\pan''ion Thus, from tln'rniodynamic considerations the 
volunn* (‘ITect of the nmleeiih's will causi' ('very gas to warm U|) on expansion. 

In ordi'r to obtain a nn'ntal pietun' of tin' xolume etleet of the nioh'cuh's 
it is conv('ni('nt to wiiti' van d(‘r \\ aals’ ('(juation in tin* form (h'rivc'd in tin* 
pri'vioiis s('(‘tion, naiin'ly, 

A- 

at a fixed teinperatiin'. Since the nn'an firo path / is in\('rs('ly pntjiortional 
to the nunilH'r of eollhion'' Ix'twi'i'u the inoleeuh's, this may be wntic'n 

/)i(l —//)(,) - I, 

when' /I, i> tin* nuniber of (•(illi''i(»ns ])er si'cond. It is now oidy in'cessary to 
realize that a gas mint contain potential ein'rgv dm* to tin* impacts of its 
molecule^ When two molecules collide, tl.o impact / is ecpial to tin* 
inodncl of (he le-tonng lorce /*’, multiplied bv tin' tinn* during which it 
acl", '//, dial 1 -, (he (line diiiing which the molecules an* in actual contact. 
,\ (line of contact ( (pinalenl l(t zero would napiin' infinite iigidity (an infinite 
foicf'h which is im])o'-ible 'riic imi>ac| / will, under all circumstaiicf's, have 
a definite \alue. and In'iice. tin* time (d contact, f//, will have a d(*finit(' value. 
Dining (Ills time of con ( act (In* kinet ic (‘iiergv of I In* moh'cules will exist largi'l v 
111 dll' fojm of potential eiangv, ^av b\ a distortion of tin* shape of tin* mol(*(*uh*. 
The .iinount of potential (*ncrg\ which a gas has will tln*refor(' b(' proportional 
to n, , the numb(*r of collisions which or ciii Sim*e tin* expansion of a gas means 
a de<*n’as(' in the number of collioons ;tnrl ln*nce a decn*ase in tin* p(d(*nlial 
eiieig>,a corres])onding inciea-e in kinetn; (*in*rgy will occur, that is, tin* gas 
will warm Uj) 

When a gas i> highly compr('sscd so di;it dn* value <»f / diminislu'S until it is 
commensurable with r, the radius ,,f dm iiiol(*cuh*, tin* higher terms of the 
exjiansion 



ha\(* to bi* lak(*n into account, and, when 2r tinally (‘(pials I and tin* value of V 
is that of tin* mol(*cul{’s theni'clxes, marki'd d(*formatioii of tin* molecular form 
occurs with a corn'spoiiding markc'd incn*ase in jiotential en(*rgy. Since the 
compressibility of a molecuh* varii's from gas to gas, the steepness of the 
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curvature of tlic latter portion of a pv curve will vary and will be a functloj? 
of tlic conipre.s.sibility. Curve 1, Fig. 9, represents the relation between th<( 
product pv and the pressure of a gas in which 
only the space occupied by the molecules is 
taken into account. The first portion of the 
curve is a straight line represented by the 
C(piation 

pv = k A- hp. 

The si'cond portion of the curve takes into 
account the large potential energy due to the 
actual deformation of the molecules which 
occurs when their volume approaches that of 
the containing vessel. 

{h) Molecular Force Efccl: Suppose that 
a gas consists of mohicules which are attracted to one anotlu'r with forces so 
large that the elTiict of the space occupied by the molecules can be neglected 
in coinparison therewith; the equation 

pv - k — 

V 

will represent the relation betwi'en pressure, volume, and tempi'rature of su(‘h 
a gas. (Uirve 2, Fig. 9, gives the relation betweim pv ami p. It is seen that 
the jiroduct pv decreasi's with the pre.ssure. The gas has, tlu'refon', a smaller 
amount of available eiu'rgy at a higher pres, sure. Wlnui it expands without 
performing external work, tin* gas gains available energy, and this can only 
bo done at the ('xpen.se of its own intrinsic ('iiergy; that is, the gas will cool 
down. It is not very diflicult to visualize the mechanism on which this cooling 
depends, hlxpansion of the gas nu'ans that the average distance between the 
molecuh's is increa.sed. Since this nec(\ssitates a movement of tlu' molcM'ules 
against their force of mutual attraction in order to attain the new position, 
this movement is only ac(‘omplished at the expense of their kinetic energy. 
In other words the gas cools down upon exjiansion. 

(c) Combined Efficla of Volume and Molecular Foiven: (hirve II, Fig. !), 
repr('s('nts the actual relation between pv and p as given by van d('r Waals’ 
('(piation. The first part of (’urve II will approximate to either C'urve I, or 
Curve 2, according to whether the volume effect />, or the molecular force 
effect a, predominates. Since, in all gases, the space (U'cupied by the molecules 
is appreciable and of the same tinier of magnitude, whereas this cannot be said 
of the relative magnitudes of the molecular force's of various gases, it follows 
that the volume effect is bound to predominate at the higher iircssurcs. 

Temjieraturo plays a large part in determining to which curve the actual 
pv curve of a gas will approximate. At higher temperatures, (’urve 3 ap- 
proaches Curve 1 ; at low temperatures it approaches Curve 2 at the lower 
pressures. This is due to the relatively greater influence which the molecular 
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have on slower niovinjj molecules. Tims Curves 3rt, 3, and 3/) represent 
jsotherinal pv, p curves for the same pas at a high, an intermediate, and at a 
low temperature respectively. • Thus, to take actual examples/ these temper- 
atures are, for hydrogen, 0*^, — l.)0°, and — 210°. For nitrogen the temper- 
atures in question are 200°, 0°, and — loO®. For carbon dioxide, they are 
fi00°, 20°, and — 20°. This means that, for the.se ga.ses, the molecular force of 
mutual attraction of hydrogen is very small, wlu'reas for carbon dioxide it is 
relatively large, and for nitrogen it is inti'rmediate in magnitude. 

In the li(iuefaction of ga.ses tin* cumulative Joule-Thomson ciTcct is (un- 
ployed. Since the changi' in temperature At for a gram molecule of gas on 
expanding can be approximated by the eijiiatiiui 


P\Vi - />.»'? 
Cv 




(13) 


it is seen that, from the jiractical point of \ie\v, tin* deti'rminatioii of 11 h‘ pv, p 
curve is of considerable importance original temperature of the gas 

must corr('s|)oiid to a t(*inper:itur(‘ where tlx* f<»rm of tin* pv — p curve is giviui 
by ('iirve 3, Fig. I.X. Obviously, this Muii's from gas to gas It also follows 
from till' abov(‘ e(juafioM that the* temperature lowering on <‘\pansion incriMises 
in magnitude tlu' lower the original temperature, .\gain, the pressure of the 
gas before exiiaiiding has an ()ptimum \ able from the point of view' of etliciencv 
given by tiu' minimum \a!ue for pv in the pi\ p curve' 

((/) .\f isa Ihnu nits T( nipt rtiliiH ('hniiips When a gas expands in the manner 
de|)ict('<l Ity Case 2. I'lg 1. the' tempe-nit un- e'hanges of tlu' gas as a whole are 
gi\en by the i)r<'eeding e<|iiation 'fills I'hange in temperature e'e»rn's|)onds tei 
complete* e'i|Uilibriuni afte-r e'Xp.aiisKni During the' ae*tual e'xpaiisieui re'lative' 
te-mpe-rature eh.aiige's ma\ we'll take- pho e* in \ariems parts e»f the* e'Xiiaiieling gas. 
'file* pe*r''i''te‘nce of eliiee'tion has bre'ii mi*iil leme'el iu e*einnee*t ieiii With the* ceirree*- 
tioii for the nii*an fre'e* jiatli 



re. in 


In Fig. 10 \arious type's eif e*olhsi<uis be*tw(*en nmleeiile's are* slieiwii whe*r(' 
feir i)urpe)ses eif simplie-ity tlu*ir shji|M*s are taken as sphere**. In a e'eillision 
betwei'ii meilecule's wlieise elirections e)f motion are j)arallel, Case fa), Fig. 10, 
any directiem after e*ollision is eepially preibable. Where the* nmtieui eif the^ 
two molecules is imt alemg pandlel lines, Case (/;), Fig. 10, the av(*rage elire*ction 
of the two is faveire'el by the veleicity compement which they have in common. 


' Amagat, Ann. Chtm. Phu*.. {h) 19, ll.'i (ISSO). 
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It is due to this persistence in direction that, after expansion, equilibrium in 
pressure throughout the vessel takes place so rapidly. Just after the dia- 
phragm, (’ase 2, Fig. T, has been removed, there will be a larger number of 
molecules per unit volume in the original volume than in the newly added 
volume of the containing vessel. Hence, the chance for a collision where the 
velocity will persist in the direction frcjm d(>nse to less dense is much greater, 
witli the result that {m'ssure is very rapidly ccpializcd. Now, during this 
period, collisions, of which type c is an extreme case, are frequent. In any 
collision, the vehicity components of the colliding molecules resolved in a direc- 
tion passing through their e(‘nters are interchanged, whereas the original 
velocity components at right angles per>ist. Hence, in this extreme case, if 
the original velocities of the two inolecuh's were each x before collisit)n, after 
collision one molecuh' would be at rest and the other would l)e moving with a 
velocity ^|2 x, in a direction from dense to less dense. Tlu' temperature of 
the gas in tiu' tu'wly added volume of the containing vessel will therefore be 
momentarily somewhat higher relativ(‘ to that of the gas in the original volume. 
If in (’ase 2, Fig. I, tlu* two portions of the v(>s.sel are l)rought into communica- 
tion witli o!ie anotlu'r through a small op(Mnng, the gas going tlu'ough may 1)C 
looked ui)on as l)ehaving lik(‘ a piston, with the ro'^ult tlnit the temperature 
(lifTerence l)etween the two volumes may be quite marked, especially as the 
chance for tenqx'rature e(piilibrium to I)e quickly (‘stablished is greatly reduced. 
If, however, the tenijx'rature is averaged in both compartments, this average 
temperatun' dilTers from the original temp(‘ratur(‘ by the amount 


ViVi - ^ 


In the isothermal expansion of a gas where work is obtained, Case 1, Fig. 1, 

J r*i2 

pib) per mol, in tlie case of an 
o 

ideal gas. I'h'oin what has preceded it bdlows that, to this expression for the 
work done, the {(uantity pph — /e.?;-. must be added in order to obtain the 
total energy change involved. 

Gas Mixtures: That the pressure of a gas mixture is eipial to the sum f)f 
the partial pressures of the gases composing the mixture is known as Dalton’s 
law.‘ If the gases are ideal gases, the validity of this law is apparent from the 
derivation of the ideal gas law, which gives 


and hence 


piv = 5mini.ri^ 
p^v — Im^riiXi^, 
Vv = 

P = 4- 


where v\\, vhi are the weights; /ii, the numbers; and .ri, Xj the velocities of 
the molecules of the two gases; /q, pi are the pressures exerted when each of 
« Dftlton, MchoLwn's J., 5, 2Al (1801). 
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the gases sei)aratoly occupies the volume, r, and 1* (he pressure exerted wlien 
l)otl» occupy this volume at the same time. 

When one liter of a ga^, .1, ;ind one hter of a ga^, B, each at a pressure of 
one atmosphere, and at 24° are hrought into a two-liter \essel, thme may 
he a considerahle change in jiressun^, a^ is illu''tratcd hy tin' results gi\eii in 
Table VI. This is to he (‘xpecttal from the discussion in the jireceding sections. 
Thus, when on(‘ litiT of methyl etlu'r at a ju’ev^ure of TOO mm and a tem|)eiat ure 
of 24° ('. is jilaced in a two-lit('r \('s,M‘t, tlu' pr(‘''sure is huind to he a mm,, 
not dSO mm. llydrogtai ga'', (Ui tin' utln-r hand, is so nearly nh'al that doiihling 
its volume just hahes its pri's^uie t’olumn .4 in Tahh' \ 1 gi\es tin* i)icssun' 
change of the gas inixtUM', calculated «tn the ha^is of 1 )alton’s law . a‘'suniing 
that the gases do not iniiuenci' tun' another hut taking into account (he ahcna- 
tions from (he ideal gas law for I'acli indi\iduaHy. Column 4 gi\('s (In' dilTer- 
ence Ix'tween (In' pressures calculated in this way and (host* fouinl expi'ii- 
mentally, showing that the ga^t-s ih» e\eit an inthience upon (»ne another in 
some ca^es 

Tin' mutual iidluence which two dilfncn! '•pccu's <if gas molecules can 
ha\e ujnui one another can he"! he di^cusv('d h\ nie.aiis of tin' tlala in 'I'ahle VI. 
Under tin' coinlition> nf teinpeiatuie and ])iev''Ure of (In' ('Xperiineiit hvdrogeii 
and helium ale so n(.;iil\ pcif<‘c( ga'-es (liat they ohe\ Ihixle’slaw. Hence, on 
mixing tlieiii, theie 1" iio pie'">iii(' change, slewing, as would Ik* ('Xpccled, that 
they ha\(' a negligihlc attiaction fttr one aintther. Iluliogen and nn'thyl 
eiln'r and h>diogen and cathon dioxnle ^how an incre;ise in pK'ssun' corri'- 
•'poinliiig neaih (o the c.di'ulated pie'-'iiie eh:iiige 4'liis iii.aN ht' taken as an 
indicatio.i (hat tlie\ do not inlluence one aimtliei since jhe\ registei a |»iessuie 
which Is (lie ..iini of (In' palllal ple'-sure^ win'll each occupies the \olume alone. 

llowe\er. that llieie i- ;i flight altiailioii h'lhiws fioni ;i coiisiileiatloii of 
(In' le-ullv oht. lined when helium and ciihoi, dioxide and helium and iiiethvl 
etln'i' all' mixed In both ca-c'' theie i- ;i pie-^vnie iegi-tei<‘<l gn'alei (hail I In' 
calculatid i)ie"Uic 'I'he exphiiiatioii i' e.oiH toiiinl If the caihoii dioxnh' 
Is allowed (o ('Xjiaiid from a volume of one liter to a volume of two liteis, the 
pH'ssiire changes frmn 7()0 mm to ilM I mm hut even at this low pressuie 
the carhon dioxnh' is fai from heing a peifeet gas If tin' attiaetioii hetweeii 
tlie nioh'cules of calhon dioxide weie to cease, the pnssUK* III the two-llti'I' 
voluiiK' would he giealer than iJSl I mm 'The attiactnui hetwei'ii the liioh'- 
(Uh'*' comes into jilav to the greate-t I’Xtent ;it tlie moment, of collision; the 
jin'^ence of the helium leduci"' the niimhei of coIImoiis hetvveen <-arhon dioxide 
niolecuh's, with the result that the ellective attraction hetvveen tin' carhon 
dioxide molecules is loueied 'I'lie calhon dioxide hecoiiies more nearly a 
pi'i-fect gas, with a resulting inciea'«e in piC'-sure. 4'he same is tiui' of tin* 
mixture of methyl ether and helium On account of the gieat dilTi'ience in 
(he size of tin* iiK'thyl ether and In'liiim niolecuh's, howevi'r, tin' niimher of 
coIlisivUis hetweeii inetlivl ether moleeiile,- is not reduced to tin’ same ('Xteiit 
and, cons(‘(|U<'ntly, the jicrci'iitagr' elTect is mil so large 

In the case of the carhon dioMih'-methyl ether mixture, the inagnitmle of 
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the negative value in the difference column of Table VI .shows that there is a 
considerable attraction between methyl ether and carbon dioxide molccule.s 
which is nearly the same as the attraction of each species for itself. 

In a two-component gas mixture there are three forces of attraction which 
come into play, two between the same species of molecules and one between the 
different species. The total gas pre.ssure will depend on the magnitude of 
these attractions and also on the extent to which these attractions can come 
into play. The latter depends on the relative volumes and numbers of mole- 
cules which govern th(t number of collisions. 

The pre.ssures of ga.seous mixtun's at high pressunss have been examined by 
Ma.sson and Dolley ‘ and .some of tin' results obtained for argon-ethylene mix- 
tures arc given in Table VII, 

TAULK VII 

Phkshiiueh of Aiujon-Kthvlene Mixtuhks 


Pn'rtHiiro 

(■'iilculiiUsl 


Pro.S'iurt' Olw'rvod uiid Pressure (’!ilculat('(l 
(Atnt()s|)hereH) 

(Atmimplien'H) 

21.74 i><‘r c(Mit 

49.9.5 i)er cent 

90.0(i i)er cent 

;u) 

- 0.7.5 

- 0..S.5 

- 0.1.5 

.50 

- 1.7 

- 2.7 

- 1.2 

70 

- ;i.;i.5 

- .5. 1.5 

- 1 9.5 

Ml 

- !.;{ 

- o.s 

- 0 7,5 

90 

- .5.2 

- 7.0.5 

1.0 

100 

- 0.0.5 

- s.o 

an 

no 

- 0.00 

- s 1.5 

.5.2.5 


The first column gives the pressure calculated by adding the pressures 
which each com|)onent would exert if it occupied the volume alone. The 
other columns give the difference between the observed results and those 
calculated in this way. At the head of each of the.se columns tin' molecular 
percentage of the ethylene in the ethylene-argon mixture is given. 

The conclusions drawn by Mas.son and Dolley are that the space available 
for each constituent is partly blocked by the moh'cules of the other, the effect 
being that synd)olized by van der Waals’ b. This effect j)redominates in the 
ethylene-rich argon mixture, so that the pre.ssure e.xerted by the mixture is 
greater than the sum of those of the constituents taken sej)arately. At lower 
pressures and in the ca.se of mixtures less rich in ethylene, the attraction between 
the molecules outweighs the b effect. 

Masson and Dolley have shown that ethylene-oxygen mixtures exhibit 
practically the same pre.ssure changes as do argon-ethylene mixtures, while 
oxygon-argon mixtures exert pressures much closer to those calculated. The 
pv-p curves for various concentrations of ethylene and argon .show a continuous 
change from the pv-p curve of one constituent to that of the other. 

‘ PrtK. Hoy. Soc., 103 A, 524 (1925). 
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THE LIQUID STATE OF AGGREGRATION 

HY OTTO M.WSS, I'hD. 

pKifi.'.Mtr of (’hi !/, Midill !' niu MoiiInnI 

A (iis(*u^si(Hi (if (lie IkiukI <»f aKun'fiiiticn may prolitaLly ha intn)(lu('od 
iiy a (‘oiwidf'ratidii df ciitical pluMidiin'iia and tlu' factors ncKcrniiijf the li(pic- 
‘ac'tinn of liicK'aM* in picssun* and Idwciinii of Icmiicratun* will causo 

i fiah to li(iU(‘fy. Of tlii'sc two factors ('\pcricncc has shown that tin* latt(‘r is 
l»y far tin* more important l-'or each jias tlu'n' exists a dcfimti' temperature 
d»o\o which it is impossihlo to Iniucfy the )ias no matter what pressure may 
lie applied. 'Phis tt'inpeiatUH* is known as the critical tempc'rat ure. It is 
lepeiident on tin* molciMilar forces of attiaction 'Phesc molecular forces vary 
as the in\eise powi'r of tlu' dist.ance hetween tiu' molecules and, as will la* seen 
later, this powi'r o eoitsidcialih ereatei than I 'l'h(‘ force may therefore 
he vi'ry coiisidoiahh* w hen the molecules ;iie in close proximit \ , hut it diminish(‘K 
rapidly, so that, hcMnid .t ceitain distance, it nia\ he looked upon as hi'inn 
(piiti* iK'iilijiilile. The foice o piohahlx chemical in nature dc])endin^!: on th(‘ 
motions aiid relati\e dislnhiition of election, s and nm-lei in the moh'cuh's. 

]f .a collision takes place he| w(‘en two molecules each mo\ in^ with a Velocity 
j, the kinetic ciiei^tN of each, after collision, will Ix' \nii‘ In moving? out of 

the field of force set up (hirini; the collision tin* woik done hy each is I fdn, 

•A) 

where .s is the etfeclne rant;e of the molecular foiaa* If I (ds is t^reuter than 

•/o 

it follows that, Ix'fore lra\ersint!; the distan<-e s, their velocity will have 
heen reduced to /au'o ( ‘onsciiuentU , thev will now attract each other and 
the potential eneiti> will la- channecl into kinetic energy, d'he result will he 
that, at the moimuit of collision, their \elocities will anaiii la' r d'hese two 
molecules conse(iuentl\ will form an oscillalmn s\>t(‘m whose parts will never 
si'parate a distance furtlu'r than s If .another nadecule is ;i(hled to this system, 
tlie three will form a similar system which is lu'ld together mon* firmly hecau.se 
the three molecules will he attractinj; each ((tlier mutually. At this jioint it 
must he emjihasized however, that, on the sup|)osition that the force falls ofT 
so rapidly with the distance that the efT<'ctive ranjie is small, the addition of 
further molecules heyond a ci-rtain iiumher does not have a cumulative efTect. 
Conseipiently, when the tempi'rature of a pas is reduced just la-low the valiii* 

given hy = j Jds, all tlie molecules of the gas will form a system which 

Jo 
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will no longer uniformly fill the containing vessel, hut will occupy a definite 
space independent of this volume (tf the vessel. In a gas in which all the 
molecules moved with the same velocity, this would be the temj)crature at 
which licpiefaction w(juld take place, i.e., the critical temperature. The 
conglomerated molecules, tl)at is, the liquid, would then coinjuise all the mole- 
cules originally in the containing ve.s.sel giving a liquid having no vapor pressure. 
But, the velocities of the molecul(*s in a gas vary enormously, as indicated by 
Maxwell’s distribution law. Tlierefore, the critical temperature has to be 
defined as the temperature at which tlu; average kinetic energy of the molecules 


is such that Imx^ is eipial to | J<h. Although a conglomeration of molecules 

Jo 

is only possible below this critical t<‘mi)erature, this Ii(iuefacti()n will not 
necessarily occur. The prevailing pre.ssure will b(‘ a factor. In no ease will 
all the m()le(!ules congloiiu'rate at tlie critical teinpm-ature because there will 
always be some whose kinetic en<‘rgy is gnaiter than the average. 

Suppose a gas exists at a tempi'rature .slightly below the critical temperature. 
The conditions under which liipK'faction will occur merit con.sideratioii. If 
one assumes that, in a small region, (h<‘ conglomm’alion of molecules has taken 
place, that is, a small n'gion ('xists in which the gas may be said to be liijiiid, 
the molecules in this li(juid will have vc'loeities which will also \ary in accord- 
ance with Maxwell’s distribution law'. Tlu' moh'cules whose* ve'loeity is greater 
than the critical will be continuously (‘scaping so that (he amount of li<|Ui(l will 
be corrf'spondingly diminishing. On the otlu'r hand, thi' moiecuh's from tli(' 
surrounding gas an* (aintinuously (Mitering and forming part of (h(‘ li(iuitl. 
VVhetluM' this region of ii(iuid will incn'ase eu’ (le(M'('as(' will (hqiend upon which 
of the two proC('ss(‘s predominates, 'rids in turn will depend on the relatiM' 
concentrations of the molecuh's in the gas and in the lujuid, Since' the con- 
centration of tlu' gas is depenelent on the pressure, it i^ ob\iously jiossible to 
incn'ase the concentration of the gas by incre'asing the pre^^ur(‘ to that at 
which the liepiid n-gion can exist. Thus, at the critical tt'inpe'rature the* 
pre'ssurc which is just neci'.ssary to produce lieiue'faction is called the* critical 
prc'SHure, The jire.ssuri's ne(‘(\ssary to cause li(|uefaclion at temperature's Ix'low 
the critical temperature are calk'd the' vapor pre'ssure’s of the li([uid. 

It is instructive to follow the' ehaiigi's which take' place in the eiiuilibrium 
between a liejuid and its vapor with li.se' in tempenitun'. The liquid consists 
of molecuh's moving with various velocities, the* ave'rage' be'ing given by the 
gas law relation, RT - Those moU'culcs which are a eonside'rable 

distance below’ the interface are attracted on the average ('(jually in id! direc- 
tions. A molecule moving towards the boundary of the li(juid will gradually 
come into a field of force in the direction of the main body of the liquid. 
This field of force will be proportional to A ~ p, where A is the density of the 
liquid and p that of the vapor. A moh'cule will therefore have a better chance 
of escaping from the gas to the liquid than from the liquid to the gas. It 
follows that every gas molecule moving towards the liquid surface will enter the 


liquid, but those molecules of the liquid whose velocity is such that 


i: 


f(A~p}d, 
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is gr(*ater than \mi- will not bn able tn entor tlio gas ovtMi if tlu\v an* inoviiiK 
in tlu‘ propnr dircftidii. Tliis may bn sIioami (‘\|)nriint‘ntally by rninovinn 
the vai)(ir al)o\ n a licpiid, wluTcnjx)!! tlin Inpiid nnols dow n ; only thosj' inolecnlns 
^\ith a vnlocity grnati'r than that pv(Mi by thn abo\n (apiation nan nscapc', that 
h, the a\ora^n kiiu'tic ('lu'r^y of thn inob'cnlcs nnnainin}; in the licpiid is rn- 
dnrnil; its tomja'ratnn' thendon' falls. Thi>> i^, of coursn. tin* latent heat of 
e\ aj)oration. If tin* space abo\e the liipiid is eneloscal, the I'.scapinfi inoh'enles 
will a(‘(Minudate in tins sj);icc and will e\entnallv return to th(‘ boundary of 
the li(piid in such niiinlu'rs that (Mpnlibiimn will result. \t e(piilibriiini tlu' 
number of mohaailes le;i\ iny; tlu' ti(|nid is fhendoie e\.acll> lapial to tin' nnnib('r 
n'turniii^ from tin' \apor aboxi* .\t e<piilibrium in» fnither li‘mi>eral lire 
chaiif^es occur: it is line that the fast moxint’ Inpinl inoh'cnh'.s I'liti'i'inp: the 
\apor reduce the axeraj^i' velocity of thosi' reniaininii. but tin' vapor molecules 
which r('lurn have tln'ir velocity component perpc'inliciilar to the siirfaci' of 
the ln|iiid increas('d bv the lii'ld of buce, s,, fh.at tin* molecules which are 
letained aKo havi' a velocitv above the aveiauc 'I'ln' vapor |)!('ssuie of a 
In pi id Is th('irfoi(' line to a dv iiaimc e^piilibriuni w Inch n'siilts when tile mini her 
of iiniiccnh-s leavinu the Injiinl is jiist eipial to the number letiirnintt from the 
vapoi above 'I'lii' ti'ian vapor is .applied to a t;as at .a teiiijierat lire below tin* 
ciilical teiiiperat lire , the held of fona* e\istinn at the boundary of Inpiiii and 
vapoi is known as the 'Uif.oa' tension 

'The elb'ci (tf ii-e in teiiipcaat iiie on the v.apor piessuii* of a li<piid iiiav now 
be e\:innne<l .\ ii'e in (einpei.atuie means .an incteaseil kliK'tic ener>;.v of 
the inolr' nies of the Ihplid so (h.it a l.iiii'i iiuiiibei than before Will have a 
velocity whiih Will caiiv them ihtoimh the boilinlaiv attailisl the fona* of 
'Uifai e tension Hem e. a l.ainei miinbei will escape With the ii'siillaiit im tease 
111 the Vapor pii'sliie ruilhettinne. ihi* llicicascd kinetic enertiV will cause 
an e\|) iiisioii of the volume oia-iipnal bv the Inpml piop<'r, sllici', fioiii the 
boiimlnv' iiiwaid-, the "le.itei kinetic emauv of the iiioleiailes Will eiiabli* 
them to move further apalt be(ore the lliolec- 
II I a I fold's eaii'<‘ their letuin Ib in-e, A 
decie.des. wheicas /) tiicieases. the s|i|f;,(a' 
tension decieases A use in teinpeialuie li.d 
■I c 11 III 11 I a t 1 V e elTeet on the vapoi piesdiie 
iDcii.ase since Dot only a trieilt*!' nunibei of 
nioh'iaih's have velocities suiliciciit Iv iiHal to 
laipv them out of the (leld of inoleciilai attiai*- 
tloii, but also the field of attl.ictioli has been 
(auisideiablv diminished 'I'he v.apor pressure 
will therefore increase accoidin^ to some lunc- 
tlon of the teinperatuie wln ie the teinpeiature I i,. j 

variable |s a lusher power than oin*. 

Tile n'latioiishii) between f ein])i*rat me am! vapoi piessure can be brought 
out by drawnm curves re|iie‘enlin|f tin* distiibiitioii of velocities as liivi'ii by 
Mawveir.s distribution law, tlu; eipiation foi wliicli was develojx'd in f'liiipter 
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III. In Curve Ti, Fiji;. 1, the ordiinitos are proportional to the number of 
moleeulcH having velocities given by the abci.ssa. If jj represents the minimum 
velocity necessary for a molecule to escape from the liquid, the shaded area 
represents the proportion of the moh'cules which have a chance to escape, 
("urve 7’j, representing the velocity distribution at a higher temperature, shows 
the manner in which this shaded area increases, especially as the critical 
velocity x-i at the higher temperature has been diminished as well. 

With a continued rise in temperature, A will eventually coincide with p, 
so that the surface tension will be zero, the temperature at which this occurs 
being the critical temj)erature. Ob.servatimi has shown that, when a gas, 
under its critical pressure and slightly above its critical tempi'rature, is gradu- 
ally cooled, a cloud appears just Ix'fore the formation of the ii(iuid layer. Above 
the critical temperature, the average kinetic energy of the molecules is greater 

than I /d,s, the range of juoli'cular force being confined to the surface layer of 

Jo 

the gas. Li(iuefaction might be expected to take place from the surface. 
The appejirance of the cloud is due to fluctuations in the density of the gas, 
A chance rnovc'iiK'nt of the molecules will doubtlos cause a variation in density 
l)rovi(lcd that a small enough region is considenal, and, hence, licpn'faction may 
start from some such small region of gnaiter density. .Vbove the critical 
temperature, tin* av(‘rag(‘ kinetic (mergy of tin' molecuhs i> .^iich that tin* 
inajoritv ha\e a chanci' to escapi' from 
a Ii(|ui(l region. Hi'hiw tin* critical tem- 
perature th(‘ averagi' kim'tic miergy of the 
moh'cuh's is such that tlx' chance to escape 
fntin th(' li(juid region is less than unity, 
.so that if the pn'ssuia' is high enough 
Ii((uefacti(»n will occur. At this point, it 
may be indicated that, on the above 
inter{)n‘tation, the critical tmnperature on 
the absoluti' scale is a measure of the 
forces of attraction; other jiroperties, 
tiu'refore, such as snrfaci' tension and 

Fio.'J. P-l’ Diiinnnu foi ('Mtlxdi ^ - i ^ r i - i 

latent heat of e\aporation, which are 
dependent on molecular forces, are related to tlu' critical tmnperature. 

Isothermal P~V Curves: The relation ln'tween the piv.ssun' and volume of 
carbon dioxide at high jiressures and over a range of temperature including 
the critical has been determini'd (‘xperimentally by .Vndrews.' The experi- 
mental values gave isothermal p-r cur\es which closely resembled those given 
by van der Waals' equation. In Fig. 2 a serie.s of these curves deduced from 
the results of .\ndrews are shown. At the highest temperatures the curves 
most closely resemble the rectangular hyperbola dmmiiuled by the mathe- 
matical expression of Hoyle’s law; at a temperature slightly above the critical 
temperature an inflexion occurs, which, more pronounced at the critical 
’ Trans. Roy. ^oc., 159, oKt (IMVJ). 
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t(?nii)crutiire (31.1°) itself, becomes a (lisoontinuity at temperatures below the 
critical. The first j)ortioii of the 25° i.^othermal, for instance, shows the 
pressure-volume relationship of<‘arbon dioxide in the licpiid state. The break 
corresponds to the vapor pressure of the li(|uid at that temj>erature wluTc an 
increase in volume will not be accompanied by a pre.s>ure ehanfie until no li(iuid 
is left. The rest of the curve denotes the p-c relationships «>f carbon tlioxide 
in the K! 1 ‘‘'<'ous state. Tin' higher the temperatun' the greater th(‘ vapor 
pressufe of tin* lifiuid, and llicrcfori* the shorter the jiortion of the curve which 
corresponds to a chaufje from liquid to j^as unlit, at the critical temperature, 
this jiortion of the cnr\<‘ shrinks to a point. Tin* change from li(|nid to gas 
which experimentally giM'v a straight line is not followcal by the curve giv(*n by 
van der Waals’ e(iuation, 

(;< + " ) ('■ - I') = It r. 

d’he latter gi\es the dottetl line shown in the c.ase of the 25° isothermal. 

( 'onsiderable contro\('rsy ha^ bemi aroused over tin* interpndation of the 
tlu'oretical, \an dm Waab’ cur\e in the region of coexistmici* of gas and liipiid. 
It has b('cn suggested that tin* lir'-t portion ri’presmits the relation ladween 
th(' jiressure and Milume of the Inpiid abo^e its point of (‘bullition, ami the 
second jiortioii that of th(> \apor coinpressiMl beyond tin* liiimdaction piunt 
without c<)ndensation. This mav !»<• so f<tr the \ery first portions <tf I'ach of 
the dotti'd cui'M's, hut it is ohvioU'^lv absur<l to go bevond this. It may Im‘ 
pointiMl out that th(‘ average v.alue for the pressure ordinat(‘s is the saim* for 
l)oth expeiimental and tlu'on'tical cnr\es, that is, 



-- i'JVi ~ I’l), 


where c.- and I'l are tlu' volunu's of va|K*r and liquid respectively, and pu is th(‘ 
\apor jin'ssure. The failiin' of \an d(‘r \N’.‘ials’ e(jiiati<in to agn*e with that 
portion of the curv(> wlien* e\apor;ition taki's place is du(‘ to th<‘ ('xisteiice «>f 
two phases, whereas v.an der Uaals’ deductions an* b.ascd on the existence (tf 
only oiM'. When the liquid and \.apor are in (Mpiilibnum, the volume, prosun', 
temperature, and number of gram moh“cules of each, separati'ly substituted in 
the equation 

+ .v/r/’, 


gives the correct values for a and h. It is equivalent to using two si-ts of units 
in one e(|Uation to atteinjit to ajijily van der Waals’ equation to the two phases 
at once. That it holds for each jihase srparatelv is brought out in a striking 
way by the calculated relations between a and h and the iTitical teni|)erature 
and pressure. 
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It will be noticed that van der Waals’ c(|uation is cubic as regards the 
variable v, viz., 


, ah . 

— \ b A- - I v’ + -y = 0. 

\ V J V V 


One of tlie roots of this e<iuatiou is always real; the other two may be real or 
imaginary. It will la; noticed that in the isothermals below the critical temper- 
ature there are thnie real values for v, given by the theoretical curve corre- 
spojiding witli the vapor pressure of the licpiid. The higher the vapor pressure 
the closer togetluu’ are the three values for v, until at the critical temperature 
where, in the presence of a solitary phase, the theoretical and experimental 
curves again coincide, the three values f(»r v are identical. Hence, on sub- 
stituting the critical pressure p,, and the critical temperature T,, Vr, the critical 
volume, will give an id(;ntical e(|uation {v - VcY = 0. On expanding this 
eciuation and eiiuaiing the coenici('n(s of tln^ various powers of v in the above 
(‘(Illations, tlireo eipiations an* obtaiiu'd giving a relation between the critical 
constants and u and b: 


Vc “ >^b\ 



Tc 


Sa 

27hH * 


Th(' experinn'iital values of a and b, obtaini'd from An(ir(‘ws’ data for carbon 
dioxide, were usi'd to calculate the critical temjH'rature and prf'.ssure giving 
valiU'S which were within twenty per cent of (Ihvm' latter constant.^ determined 
experimentally. This agr(‘(‘mi‘nt is (‘viih'iico of the trulh of the fundamental 
i(l(‘as involved in the (Mpiation of van ih'r \V;ials. From what has bi'cn said 
in a previous section exact agr(‘('ment can h.ardly bi' ('xpc'ctial. It i,s gri'atly 
to be r(‘grett('d that .so little n'liabh' e\p(‘rimental e\ idmice is available Avhereby 
the above relationship (‘an be flirt lu'r (‘xamim'd, 

From the data of a few substanc(‘s for which o and b ha\e bi'i'U accurati'ly 
(let('rmined, it s(‘ems that c, = is in Ix'tti'r agiremeiit with the fact^ than 
th(‘ expr(‘ssioii r, = givi'ii by van der Waals’ (‘(piation. Furthermori', 
c,p, is equal to {).‘Mi)UT, from the above equations, wheiTas the expi'rimental 
ri'sults ari' in agreemnit with />,c, (Mpial to 0.27 RT^. 'riu'se experimental 
r(‘sults have bi'cn im-orporati'd iu innumerable empirical relationships invoKing 
{), c, and T. Tlu'se filiations, with one or two exceptions, have lost their 
theoretical sigijifican(‘e and ha\e done little to further the devidopment of the 
kinetic theory. 

To van der Waals is given the credit for the origin of the term “continuity 
of state” as appli«'d to the gasi'ous and liquid stall's. The significance of this 
term is brouglit out by the two isothermals, one at a temperature just slightly 
above the critical, the other just slightly bidow. The curvature of these two 
isothermals is e.xactly the same at all p<»ints although the first represents solely 
the substance in the gasi'ous, the other the substance in both gaseous and 
liquid state's. The parallelism of these two isotheriuals is experimentally 
proven. 
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Other Equations of State : Clausius* showed that the results obtained by 
Ainagat for the relation between pressure and volume at very high pressures 
eould be best represented by modifyiuf? van der Waals’ equation, thus: 


V + 


(h 


T{r 4- e)- 


{v - b) = in\ 


This etpiation does not sati'^faetorily re|)r(‘M‘nt tlu* presMire-volume relations 
b)r earbonie aeid and ethyeiie* D Berthelot ^ has made use of this o<}untion 
for the representation of the ])ressure-volume n*lalionship of a Ras at low 
pressures l)y j)iit(in|i c e()ual to zero in the ('lausius eipiation. By making 
use of the jiremise that the e(iuati»>n is to be applii'd at low j)ressures, and 
thus makii^K it j)os>ible to iie^leet second onh'r maKniludes, and boldly re- 
placing niimeri<‘al cn(>nicients by those wliich corrcspondcil to experimental 


32 f, i>, 

results, for example, putting li e([ual tti iiisteail of th(‘ theoretical E e(jual 


SV,IK. 

1 7 


Bertlielot (h'l’iN ed the e()uati(>n 


A' 7' 1 f 


'' 'll 

r-’S/i,7'V '/'-/I 


This (Mpiatioii Ini'' been of gr('at \alu(‘ in extrapohatiiig the density of a gas to 
low ijce^^xire^ and ha^ been Used by (luve* for the actual calculation of the 
atomic weights from th(' measurements of gas (hmsity. 

An (‘(juation of state siijrjr,.,Kti'd by 1 )iet<'nci,‘’ \iz , 


ha'- (he merit of gi\ing eipial tu()27A’7V which, as was pitinted out in thi‘ 
|)re\i(Uis section, is m better agri'emeiil with the experimental facts than 
the similar (haluction from \an d<‘r Uaals' equation. Applieil to the ex|)eri- 
mental data of Voting'^ on I'-oixuitaiw'. I )ieterici’s eijuatioii is in good agree- 
ment e\c('|)( at higher pres-ure-. 

.\n expiation of state which repri sents the experimental facts with gnniter 
exactnes.-, than those prcMoiislv given is that of Keyes ^ which i.s based on the 
billowing theoretical considerations, The molecules are siipixiscd to consi.st of 
electrons mo\ing in orbits acconling to the Bohr model <tf the atom The 
electrons and jKisitive nuclei of any two nioh-cules attract and repid one another 

' Wufl. .Inn., 9, a. 17 (ISSO) 

’ Sarruw, (’owpt nnd , 94, Ht.") (ISS'J) 

* I). Bortlu'lnt, Sur 1 o.h Tl 1 ('rrno^l^tro^ h (laz, l‘MM 

*Gu\e. J. chuii. phyn., 6, 709 (IIKIH;. 

* H ud. ,4 fin.. 65, S2(> (lh9Hi. 

* YounK, Sn. Pmc. Roy. Duhhn -W., 15. 120 (lUlOi 

' Kcj'Of*. Pror \at. Arad .Sn , 3, 32.4 (1917). 
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according to the inverse square law, and, as the average distance between the 
electric charges will be e(|ual, the attractions and r(*pulsions between the 
positive and negative cluirges mutually cancel. The magnetic field due to 
the revolving electrons does not cancel, giving rise to magnetic doublets which 
attract each other according to th(‘ inverse fourth power. This would give 


van d(!r Waals’ eciuation as far us the term ^ is concerned. Keyes makes the 


statement that the above structun; of the at()m does not give exactly an inverse 
fourth power law but that the attracti(m increases slightly more rapidly than 
the inverse fourth j)ower. This would lead to a modified form of van der 
Waals’ equation. 


V + 


(« + 0 ’ ) 


(!'-«) = RT. 


Furthermore, instead of having 5 constant, Keyes suggests that it is a function 
of the volume given by the expression 6 = fie 

Space Occupied by the Molecules; The critical voIihih', according to van 
der Waals, is ecjual to lie has shown, however, that the b of his e(|uation is 
equal to four times the actual volume of the moh'cules. Just what is meant 
by the space occupied by the molecules is a highly controversial subject. In 
the kinetic theory, this spac(‘ is taken as a sphere of radius r, where 2r is the 
distance between the centers of two molecules at the moment of collision. 
T. W. Richards * has shown that this si)ace can be diminished by the aj)plication 
of large external pressures. His hypotlu'sis of the compressible atom can be 
used to interpret many ph(‘nomena such as th(‘ nJation between the volume 
of the molecule and the chemical forces between the atoms. Richards has 
pointed out that the compressibility of the atom will lead to a variation of 6 
in van der Waals’ ecpiation since b is proportional to this space. With in- 
creased pressure and increased temperature one might con.secpKmtly ex})('ct 
a diminution in b. The ditficulty of testing this experimentally is due to the 
necessity of a.ssuming a constant value for a in this test. Assuming a constant, 
b does decrease at very high pressure's, and, in the ca.se of the monatomic gas, 
helium, it decn'ases with rise in temperature. The reverse is, however, true 
for polyatomic gases. Richarils explains this by the ieicn'a.sed rotation at the 
higher temperatures driving the atoms in the molecules a little farther apart. 

The fractioJi of the space which is occupied by the mole('ules in a liquid is, 
in spite of its importance, one concerning which a great difference of opinion 
exists. In Table 1 the space occupied by one gram moh'cule is given as calcu- 
lated by various methods. 

The first column gives the values ba.sed on van der Waals’ deduction that \b 
gives a measure of this volume. The second column gives the volume calcu- 
lated from the molecular radius given by the mean free path, / = — 4— » 

dV-Tr/hC" 

where rii is 2.75 X 10'’’ molecules per cc., and the volume of a gram inolecule 
» J. .tm. Chan. Sw., 36. 2U7 (1014). 
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1^ <) Oli X in-"’ y 'I'lic hi'^t (•(•liiimi fiiM"' IIm' \(»liiinc nf ;i f;r;nii moh'ciilc 

in (lie li(|Ui(l "tatn at lli(‘ i»iiiil Tlic frac(n»ii <tf tlin ''[lacc 

at the lidiliii^ point i'- appro\nnatrl\ one lliiid for most li(|imls. 'I'lu'st' calcu- 
lations, ajiait from the assumptions .alnaoU pointc<l (Uif with rejiani to the 
cITc'ct of the molecular forc<-s nii tin* mean lice path, arc l»a><al on imauu- 
pic.ssiMi' atoms ami thcicfon* c.innot he sIik tiv coricet 

Hnhanis has suirjr(stc«i that, at the cntical \olume, the luoleeiiles .aie 
actuallv toiichinii ami ih.al fui(h<‘r conti.aclion with imue.ascd piesMiie ami 
lower ti'iiiper.at lire m at the (‘\pensc of the \oIume of the c<iinpiessihl(' liiolcciih'. 
This implies that the niolccuh s nf a nax at (lensities <ireat('r tli.aii the critical 
(h'lisity, ami thciefure al'O thi* molecules of a Inpml. aie not held apart lp\ th(‘ 
kincti'- ciKii^v of their movement I'he evidence (pioted in favor of this is 
the sill. ill contraction of .1 suhstance which l.iKes pho'c when it is m the Inpiid, 
and, latci on, in the sdlnl slate, at tcnipei.atuK's appio.aclunn tlu' ahsoluti' zero, 
wheie the kinetic eiiciuv ceases .and the molecules will he chtsesl together 

I’littiim 7' ■ 0. the Volume at the ahsnlute /,ei<i Is ^iven hv c 5, .so that, 
the molecules would not he toilchlli;: even .at that tempeiatllie if h l.s four times 
the volume ’hills |s lautainh .a ilecuh'd disei(>panc\ m van del W'.aals' tlieor.V. 
Opposed to the idc.i of close p.ickinji in a Inpiid m tin* lluidilv of a liipiid and 
the pheiionienoii of (lifTusioii. whn h m of sik h a ni.annitude that it points to a 
me. in fici’ path of the im^leciile commensui.d'le at least to its di.amefer. It, 
Is (aufain th.it in ,1 Inpml the sp.iee oiaaijm d hv the molecules js a l.ai^fe fiactnui 
of the total Volume d'lils sp.iee^ mole (oiicdlv c.alhal the (aiHisKm spaca-, 
is ta)nipiessih|e and as vet cannot he cv aluafed with aiiv dej'K'e of amairacv . 
linounh has heen said to show the fulilil> of applvintj; the eipialioii 



irr 


(r - h) 


to repn'seiit exacflv the piessuie volume relationship of a Inpiid at low temper- 
atures. If one does so^ y, repiesents tin- vapor pressure, and I iu' e<)hesion of 

1'" 

the liipiid, the suin of the two hein); denoted a.s the intrinsie jircssure. 'n*'" 
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term - has boon usod in this way, but as yet there is no experimental means df; 

tp' w 

(letormininK the cohesive force and the correctness of the calculated values, 
which attain to hundreds of atmospheres, Reynolds,* it is true, has shown 
tiiat a tube filled with a liquid free from dissolved gases can be placed on a 
rotating table and whirled around at such a rate that the centrifugal force 
corresponds to a negative pressure of twenty atmospheres before the liquid 
“breaks.” This “break” may occur at tlie walls of the containing vessel or 
result from some gas bubble so that these measurements cannot give any 
(luantitative values, but at least they are physical evidence of the existence of 

these cohesive forces represented by - • 

y 

The Equation of Corresponding States; In spite of what lias been said, a 
deduction known as the equation of corri'sponding states can be made from 
van d(‘r Waals’ equation which givi's an insight into the properties of liquids. 
The constants n and b vary in magnitude from gas to gas so that the universal 
nature of the ideal gas law is lost. Since there iin* only the.so two constants, 
the isothermals of any two gases can be made to coincide by a variation of 
these two quantities. In the preceding section it was sliown that the critical 
pressure, volume, and temperature could be rejinNcnted in terms of a, h, and /?. 
Conversely, a, b, and R can be expre.s.sed in ti'rms of tin* critical constants, viz., 


a — llpiVpf b — 




R = 


8 /MV 

3 Tc 


Substituting the above values in van der Waals’ eipiation and dividing by 
‘SprVe, an ccpiation is obtained. 




which may be written 


where 




1) - sr, 


i> == 


ii. 

Pc ’ 



r - 


T 


This eiiuation is known as the e(|Uation of corresponding states. All constants 
characteristic of the substance have apparently dis.appeared. Hut, in order 
that this may be so, new scales are used for repre.x'iiting the jiressure, volume 
and temperature, these (piantities now being expre.s.sed in fractions of their 
, values at the critical temperature. It follows that, if any two substances have 
any two of the above variables coinciding, the third must also coincide. Thus, 
if I’l and Vi are the corresponding volunie.s of any two substances at the 
‘ 0. Ucynolds, (V)llortcd Works, llixou and Jol\, Plul, Tunis., 185, oOS (ISUj). 



THE LIQUID STATE OF AGCRECfATIOS 


117 


ipontling temperatures 7’/ and 7’/, and pre.ssures Pi and Pi, it follnws 

Ti - Vi^fiPiTii 

rr /(/^7V) 


Furthermore, 


r. 


ecjual to a eon.stant iinlc'pendent of the suhstanee, and 


since this is ecjual to ^ * * , it f(»ll(»\\> that the rt'lative change in volume for a 

litpiid bet\V('en two (■(ur("'|)omiiiig toinpcrature" is the .same for all liquids. 
This has been abiiiuiaiitlv tt'sted and bniml to be true o\(‘r wide limits. It 
means that, if tlu' d(Mi>-if \ -((’inper.ature (•ur\<‘ is known for one li(iiiid and the 
critical tenijM'rature and tlie den'>ity is known for another li(|uid, the density 
of the latter liquid can be calculat(‘d at any other t(‘inpeiature. For this to b(‘ 
strictly correct, tht‘ imaisurements ''houhl b<* mad(‘ not only at corri'spoiiding 
temperatures but under corrc'^iumding ph"'suies a^ well. Sima*, liowever, tin* 
volume of a liquid is only slightly .afTeeted b> the pH'^sun*. the latt(*r condition 
I'an b(‘ lu'glectt'd without causing .stuioiis erior, except at high temperatures 
where the prc'.vures are large. 

An iiujiortaiit n-Milt of the abo\(' thi'orem is that it makes it jio.ssible to 
measure tlm relati\e voluni(*s (d tin* molecules themsi'lves by (amiparing tin* 
molecular volumes of luiuicis me;isured at ••orresponding temperatures, By 
(a)mparing tin* a allies of h for \ arums 'iibstanees one w^mhl (amipare the spaces 
occupied by the molecule'. \'ery few such value's ha\(' been determimal on 
aia*ou;it o] the e\[«'rimeiital dithculties in\olv(Ml. 'I'he critical volume, i',, 
is jiroportiomd to h, and it has been shown that the volume of a liijuitl at thi* 
corn'sponding temperatiin* is pioportiomd to t\. 'I’heiebM'e, tlie molecular 
\olunies of Iniuids at corrc'-jMiiiding tcmpciatiin s aie proportional to the spaces 
occupied b\ the molecules tlu'in'.ehes It happens that the boiling points of 
nio'.t iujUids are, at tin* same' cone^ponding temper.atuie, approximately t) t)2 
on the corrcsjHOiding tempei.it lire sc;ii(> \ Large amount of data has bc'i'ii 
collet ted ‘ and its syvteinati/.alion h:i'- bt eii eoidii med by the above deductions. 
The ‘•pace occiijiied bv the molecules h.is been found with great consistmicy 
to be a function of the c(nnponent atoiii'-, being a<lditi\e as legards their 
iiumlaT, type, and method of link.age to iieighboiing atoms. 

It may be pointed out that the juinciple involved in the equation of corre- 
sponding states does not depend on the exact form of \an der Waals’ equation, 
but that other efjuations of state in which the characti'ristic constants can be 
connected with the critical constants may lead to an iMpiation in which no 
charactiTistic const.ants will ajipear when the volume, jiressure, and temjier- 
alure are measured on the cfirresjionding temperature scab*. 

Vapor Pressure : Kefenmce has been made in a preceilmg si-ction to the 
qualitative depimdence of vapor pn'ssiire U})on tem|)erature. Van der Waals' 
cijuation, which applies only to a single jihasc, (hies not, by itself, give any 


‘ (’tultll>erg, Z. phytxk. 5. 374 (iHyO). 
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indication of the magnitude of the vapor pressure at a given temperature. 
It is possihle with the aid of tlx'rmodynamie considerations to link up vapor 
presKun; with tlx; latent Ijeat of evaporation, the origin of which has also been 
discussed. If / repn'sents the heat refjuired to evaporate one gram of liquid, 
then the work which can be obtained external to the system during the evapora- 
tion of oiX! gram will he - tq), wlx're iq is tlx* specific volume of the 
lifUiid, Vg tlx* six'cific volunx* of the resulting gas, aixl // the vapor i)ressure of 


the lifjuid. 


7\pi)lying the second law of Ihernxxlynamics, namely, q — T 


(lA 

df 


it follows that 


T 


(Vo - Vl). 


This e(jiiation is kiX)wn as the (Tipeyron-Clausius (‘(|uation. As the volume 
of the li(iui(i can be negh'cb'd at low vapor pnNsun's, llx* e(iuation for a gram 
molecule of a gas b(*eom(*s, sinec* under such circumstaix’es pc,, = R'l\ 


X = 

p dT 

wlx*re X is the Iat(‘iit heat of evaporation jx'r gram mol. ami, on int('gration, 


Inp - 


X ^ 1 
’ R ’ T 


-f /. 


'Phis ('(juation r('pr(*sents with ('xaet)X'ss tlx* relation between llx* lux'ssiire and 
temp(*rature over the tc'iiqH'ratun* ra?ig<' when* tlx* lat(*nt heat of (‘vaporation 
may be taken as being constant and tlx* gas laws jire ob(*ye(l That this range 
of temperature is v(*ry short follows from the |)n*vious consxh'ration of the 
latent h(*at of evajioration. This (piantity is its(*lf (h'peixh'iit on the ti'iiqx'r- 
ature, diminishing with rise in temperatun* until, at the eritieal temperature, 
it actually becomes zero. 

Nernst ^ has sugg('st(*d an empirical r(*lationship giving the contx*ction 
betwi'en tlx* lat(*nt Ix'at of <*vap<»ration jier mob, X, ami the l('mp(’rature in 
which he puts 

\= (Xo+ i.7:>;r/’ - e'/'-')^i 

giving, when substituted in the Clapeyron-Clausius eiiuation, 


where / is tlx* integration constant. This empirical relationship represents 
the vapor jiressiire curve over a large range of temjieratures. It will be noted 

that it has the correct form in the critical state bir then the-expression ( 1 - — ) 

\ VcJ 

Nachr., 1 (HUM). 
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is equal to zero and X is therefore zero. Three eharaeteristic constants Inive to 
he determined for each substance. 

Although van der Waals’ eciwation does not give any informatiem in regard 
to the vapor pressure of a litpiid, some speculation may still he made concerning 
the vapor pressures of litpiids relati\t‘ to one another. In I'ig. 2, the e.xjM'ri- 
mental curve o\er that j>ortion where the two phases coexist is ajiproximately 
the averagi* of the thi‘(»relical curve over th(‘ same range. This can he ex- 
pressed hy writing 

^ pdo --= pGo - »•/). 

Substituting the \alu(‘ for p gi\(‘n by van d(‘r W’a.als’ eiiuation, viz., 


(r - h) v' 


!ind integrating, we obtain 


, IT, 

(C/ - (>) C„ Vt 


pil'u - »■/)• 


Dniding I'ach side by /),r. , ami leplacing <i, l>, and A' b\ tin* critical ('(Uistimts, 
it folhtws that 


;i Tr ri I (■ 




an e(|uation in which tlie clmractenslic <'onstaiits oi the substanci* have dis- 
appeareil, From wliat has Pei-n said in the pre<-etling .section, the critical 
voIuiiK's, nieasun'd at corresiKUiding t<'ni|K'r:it ores, an* tin* same for all sub- 
stances w'hetlier they are in the g.-iseoiis (ir |ii|Uid state It. follows that, at 
corresponding teinperatnies, the corr»‘sponding piessnres, in this case tlx* vajior 
pressures^ >mI 1 lie the same, dins h;is been tested by Ramsay and doling' 
and found to be true for a large niimlxn «>f substances. Jf /o and /t^ ar<‘ any 

7'i T, 

two vajior jin'ssiires of a iniiiid at temperatures 7’, and 7’., then -,^,-and , the 

('(trrespoiuling temp<‘ral tin’s, must be the sanii’ for anv other litjuid which has 
vajior pressures pi and ]>• res|>ecti\ely Hence, - “should be the 

I r If * 

same for idl litpiids. Ramsay and Young measured the tmnperatures at wdiich 
the jire.ssures were 7(1 and 20 ems respectively, ami fmind the ratio of th(‘se 
temj)('ratures to bi* a constant, 1.11, for a large number ttf liquids. However, 
the universality of this law is not confirmed when \ery dilTerent sub, stances are 


Vuunit. Vhil. (.0 33. l.Vt {W.I2). 
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compared; for example, the temperaturcH at which the vapor pressures of 
liquid hydrogen are 76 and 20 cms. are respectively 20.2® and 16.37® K., 
giving a ratio 1.23. Ethyl alcohol at tliesc pressures has the ratio 1.09. That 
this deduction from van der Waals' equation is only partially confirmed by 
experiment is probably intimately connected with the fact that two phases 
are in existence and that the transition from one pha.se to another is by no 
means abrupt. Thi.s involves a consideration of the phenomenon of surface 
tension. 

One deduction can ))e made fntm the th(‘orem that corresponding pressures 
of all liquids are tlu; same at corr(‘sj>onding temperatures. Attention has 
already been drawn to the fact, ba.sed on experimeidal evidence, that the 
boiling points of li(juids, that is, tiie UmqxTutures at which their vapor pre.ssures 
are atmospheric, are all a])proximately at the same eorresj)()nding temper- 
ature, namely, 0.62 otj the corresponding temperature scale. Since 


X = 




dlnp 

It' 


_x_ 

T„ 


R 


= R 

dlnTji 


,Un^ 
Is. 

,11 

Te 


This number must be a constant for all li(|uids at corn'sponding temperatures, 

that is, = K, Trouton * had already established the truth of thi.s relation- 
T It 

ship empirically and evaluated the constant as being ecpial t(» 20.7. This is 
known as Trouton’s rule. 

Vapor Pressure and External Pressure: In the preceding .sections, vapor 
pressure has been considered with a liquid in contact with its saturated vapor 
alone. A condensed system, solid or liquid, may, howe\('r, exist uiider a 
pressure different from that of its own vapor. For example, if tlu' vapor 
contains an indifferent gas, the total gas pre.s.sure is the sum of two pressures, 
that of the vapor and that of the foreign gas. This is, indeed, the normal 
circumstance in a vessel containing air admixed with vapor in etiuilibrium with 
the liquid. Under such circumstances the vapor pressure of the liquid is 
different from that in the Isolated liquid-vapor system. The e(iuation con- 
necting vapor })res.sure and external pre.ssure W'us derived by ^Yillard CJibbs 
in 1870.2 

Let p be the ordinary equilibrium pressure in a system composed of a 
liquid (or solid) and its vapor. Let v and V be the respective .specific volumes 
of condensed system and vapor under the pressure p. lly exposing the liquid 
to a pres.sure P -f p, let the corresponding values fur the several magnitudes 

» Trouton. Phil. Mag., (5) 18, 54 (isa4). 

•Cf. Purtington, Thermodynamics, D. V'an Nostrand (1924). 
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become p', v' and V'. Let it be assumed that the compressibility of the litpiid 
can be given by an equation of the form 

y = r - vkPf 

where k is the eoeffieient of eoinpressibility. 'I’lie desired relationship may 
now be estal)Iished i)y means (d an isotlu'rnial reversd)le eyele. 

(1) Unit mass of the li(juid at pressure P -f p is e\aporated to produce 
vaj)or at pressure, p'; the work done, 

di = p'V - (p -f P)v{\ - kP). 

(2) Tlie vapor at p', L' is expanded l«» V , th(‘ work done, 

/»V' I 

J j = I pdv - p Vln ^ - • 

Jy. p 

(11) Th(‘ vapor at p, 1' now condensed, tlie work (hme, 

• to -- - />(!' - c). 

(1) Tin' li(jui<l is now coni|)re'-sed to P f /»; th«‘ work done, 

The eyel(‘ is now coinplett' and so 

.1, I- .1, 1 .1.1- .1, - 0. 

If we a'sinm* iht\Ie’s l,aw pV - //I ', and neglect ail terms containing 
Kp, W(' obtain 

■ '■>) 

or 

P' ,, , rrM> \ 

V 

- M ^ I Hr. 

II' 

If P is not very great, the higher terni'- ma.\ be negh'cti'd and 

, Pv 

" “ " ' 1-- • 

If the increase in pressure applied to the Inpiid is hP and (la* conse(pient in- 
crease in vapor jiressnre is 5p, the e(jUation becomes 
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Tlic vapor prcsHure of any liquid (or solid) is increased by compression of the 
condensed phase. An alternative proof of this relationship has been given by 
Porter in a general tr(;atment of osmotic pressure and lowering of vapor 
pressure.* 

Since -- is a very small fraction for all small values of it follows that 

the variation in the vapor pre.ssurc with external pressure is generally negligibly 
small. Thus, the vapor pressure of a lirpiid under its own saturated vapor 
will not be sensibly dilTc'rc'nt from that when the liquid is exposed to the pressure 
of the atmosphere. At the super-pressures which are now becoming familiar 
in actual practice, variations in the vapor pressure will be manifest. This may 
be illustrated by r(‘f(‘rence to tin* case of water and water vapor. Callendar’s 
equation of state for water vaj)()r is 



for liquid water, 

V = 1.002(1 - 4.0 X I0---P), 

the pn'ssures in each case being stated in atmospln'res, Iiisc'rting these equa- 
tions in the expression 

5j) V 

there follows, for ii tenqn'rature of 20® ()., 

f ‘ ( (I - 1.0 X K) 

whence, for /;« = •*^***- ‘d' -0® ('., 

3002 log - - 1.320 - -f 1.33 - P - 2 0 X 10 

Po /'o 

From this expression it may be calculated that the ratio — is 1.2 at a pressure 

po 

P = 300 atmospheres approximately. In oth(‘r words, umh'r the pressure of 
an inert gas etpial to 300 atmospheres the vapor pn'^sure of water at 20° 
increases by about 20 [)er cent. 

Surface Tension: It has already been shown that, in a gas, the surface 
molecules are not truly representative of the average condition of the molecules 
as a whole. The constant a of van der Waals’ e(iuation is representative of a 
surface tension correction which has to be made. In a discussion of critical 
phenomena, the nature of the surface tension existing at the surface litpiid- 
vapor has already been discussed and this will now be somewhat further 
amplified. The molecules at the surface are under a difTerential force in a 
> Proc. Hoy. iioc.. 79k, 5P.) (I'M)?); 80A, 457 (191XS). 
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(liri'ction towards tho main body of tlio liqui<l. Fast im»vin>r mole(*ulcs aro 
continuously moving tliroujjli tlic surface into the vapor. Besides those whose 
ki?ietic energy is sufheient to c?trry tliein lawcmd the raiiRc* (d the attractive 
force of tlu' li(|uid tiicre are some whose \elocity carries them just short of 
this distance. Tlie chanjit' in (huwity from liipiid to ^as cannot tljcn'fore l^e 
abrupt : there will be j)laiies parallel to the sutf.acc in which the .a^ era^e ihuisil v 
is intermediate between that of the liipiid .and the jja^ The existence of this 
layi'r of iiiternnaliate (hm'-ity i-' (‘\idem“ed ph\^icallv bv the creatimi of a fresh 
surface of licpiid when it found that the surfaia' formation requHes tin' aihli- 
tion of heat mierny in oidei to bi* ^othennal. F\t(‘ndmu tin* surface maa'ssi- 
tati'" that a c(*rtain mmibei of molecule-> of tin* liquid bum this layc'r of inter- 
imaiiate density and theit^foie expand a^ain-'t the force of molecular attraction. 
A cooling' will result paralh'lin^i the cooling!: of a na^ obtaininji wlnui a ^^as ex- 
pands, the Joule-Thom^oii ('Hect To bum a fK'^h suifaci' ist)tln'rmallv, work 
has to be done anaiiC't the "iirface ten''ion and heat has to be addial to pieveiit 
cooling B> substitution m tlx* ( iibb^-llelmhol/. ei|Uation, it follows that 


where ry i" the heal ad(hal, is the ^uif.ne «‘in'if;v and Af tin' change in 
total (‘iH'rc\ of the '-III face 

In onh'i’ to pioieed with a con-idciat ion of sinface tiuision plnuionieiia the 
practical delinitnui of '■uif-ice tcn-ioii in\ol\cd in ils nietho<ls of nieasiiieiiieiits 
Is of ii’ipoitaiice Suiface ten'ion |s ddined as the foicc in d\nes per unit 
length of sill faci' of liquid in a diiectinii pai.allel to the "in face If one iina^iin's 
a liliii of luiuid bounded on thiee "hIc" b\ a io<l bent into tin- bum of a I , and 
oil a foilith side h\ a iiio\able lod. then. a"Unii'iii the ab"ence of fiictloii, the 
siiifaci' tension will tend to coidiact the lilni. and a foHa-, /•’, has to be applnal 
to keep It III place H\ the abo\e dellliltloil, 

r -■ -.’v, 

where y !> the sinface tcn"iiui and / the h iiuth of the iiio\able lod in contact 
with the lilni 'I'lie faetoi 2 lakc" into act oiint the two "ides t.f the lillii 
Suppose the rod bt* nio\ed ihitumdi a di'laiice i, "o that the him i" exteiideil 
and its surface incnaised b\ '2il, then the woik done i" 

Fr - 2t7/. 

so that the ener^\ reiiuired t(» cnaiti* unit aiea of suif.ace will be 7 erns, and 
(he potmitial ('iierny [ler unit ari*a due to the "Urfacc tension is 7 

It is not (jiiite ob\ious that the definition tif surface tension niven above, 
i.c , the measun'iiicnt of a fon e jiaralhd to the surface, i" a ndatne measurement 
of this downwanl field of fitree which has hitherto becui sp<(k»‘n of as nivin^j; 
lisi* to siirfaci' ten"ion. A diauram of what takes place upon tin- creation of a 
new surfaci' will aid in showint; the connection between the twai. In 1‘ip;. .1, 
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one wall of the containing vessel is moved in such a way as to extend the 
surface. Molecules from a region of the liquid in which they were not subject 
to a differential or resultant force have to be ‘pulled up to the surface against 

the resultant force in order to 
create the new surface. In the 
diagram, this is represented by 
an imaginary pulley at the sur- 
face with an imaginary string 
attached to a molecule which is 
being drawn up against the 
downward force, the work done 
being equal to the potential 
e li e r g y which the molecule 
finally has in virtue of its new 
position. 

The method of employing 
the force exerted by a film for 
nu'asuring .surface tension is 
not generally practicable for 
obtaining accurate results, but, 
in the ciise of a licjuid having a small surfac(‘ tension, it can be used. Very inter- 
esting informaiioii has lu'en obtained thereby in regard to the range through 
which molecular forces are efT('eliv('. Asthe film fornu'd bya detiiiite (luantity of 
liquid is exb'uded more and more, its thickness decreases. WIhmi the thickness 
of the film becomes le.ss than twice the dianu'ter of tlu' range of moh'cular fore('s, 
the surface tension should obviously «leerease as well. It was found by Rucker ' 
that th(^ thickness of the film had no influence on the surfaec; tension until tlu' 
thi(!kness had been diminislu'd to 10 * cm. The surface ((‘usiou was found to 
diminish with further deciaaise in thickness of the film. 'I'hc surface tension 
of salt water measured at the surface of the oc<‘an giv('s exactly the same value, 
as the surfac(' tension Jtu'asun'd by means of a thin film of this water. It may 
be seen, therefore, that the molecular forces hava* a very small range, and that 
the effect of a resultant force is confined to relatively fi'w layers of molecules 
in the .surface. 

Two methods are available f(»r the accurate determination of surfac(' tfuisiou 
in ab.solute values; th(‘ ri.se in the cai)illary tula' and the drop weight method. 
It is instructive' to consider the surface te'usion relationships involveil in tlu'se 
two methods. To obtain these, the potential energy of tin; surface will be 
taken into account in connection with the principle that any system will tend 
to arrange itself in such a way that the potential energy will be a minimum. 
This principle is illustrated by the tendency of a drop of litiuid to assume a 
spherical shape, because the s])here has the smallest area of any form which 
a given mass may take and has, therefore, the smallest potential energy so far 
as surface tension is concerned. In the case of a small drop of mercury resting 
> IlUckcr uud Heiiiold, Phil. Trims., 177, 027 (18h0). 
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on a piano surface tlie drop is not truly sphoricnl hocauso the spherical form 
would raise its center of gravity and thu.s increa>e the potential energy ilue to 
gravity. The drop of mercury will therefore take a form such that the sum 
of the potential energie." dii(‘ to surface teiisitm and to gravity is a minimum. 

The surface tension of a Iu|uid will depend on the medium with which it 
is in contact; the surface tension at a burfac(‘ Inpiid-ghiss is diiTerent from that 
at the surface licjuid-air. Isupjxjse a liejuid in contact with a glass plate rea«‘ln‘s 
the eciuilihrium ])osition and the angle (tf i-ontact is 0. 11 7/ is the surface 

tension of a licjuid-air, 7^ the ^uifaci* ten'^ion of the glavs-air, and yij the surface 
tension at the surface Iniunl-glas'', tlnui, if the InjUid be given a small dis- 
placeiiKUit so that an additional area dr of gla^s is co\ered, tin' increase in 
potential energ\ is 

<ln'lu T '/-'T/ ^ ~ 

lint, if the systi'in was in ('(juihbiiuin and couscuiKMilly the potential I'nergy 
a iniiuinuin, a small displacement will not change the jiotenlial I'liergv ami 
the increase' in iiotential ('iiergy will be* zcio. In other wolds, 

7/ cos 0 ^ - yiu 

Now, if a cai)illary tul)e, of radius r, has (Uie end immersed in a liepiid, and tin' 
latti'r reaehi's e<|uilibinim after ii-ing to a height //, the angh' of contact betwei'ii 
Inpiid and glad's being O, .1 "loall di''plaeemeiit will not <'hang(‘ tin' poti'iitial 
energv of the system TliU", if the InjUid be vii|)po.'e<l to rise a small distance 
dr, the chai.ge in potential energv <lue to the fmees of gra\itv and surface 
tension can be(‘(piatt<l to zeio 'rin'refore, 

I {/in''<hi>}i T f/cpd.i --- 0, 

where f) l‘^ the deiisih of the lipUld, c i-^ the \olunie of the meiii''CUs, whii'h is 
approvimateh etiiial to ’ if the angle id <-ont:ict is small Ibit 


Most liquids make a \(‘ry ‘>m:ill angle of coiitact with glass ,so that cits 0 
ajiproaches unity A iKpiid like mcrciin which makes an angle t)f contact 
greater tlian i" depie-sed in a capillaiy tube in agn'ement with the iK'gative 
valiK' of the cosine when 0 > PO degn'es 'I'lie nn'thod of deducing the above' 
relationship bring- out the fact that the rise in tin* capillary tube depends 
solely on tlie surface of the liqunl and the medium above it in the special case 
0 = 0, and is then independent of the surfaci' tension between the liejuid and 
the glass, lly measuring the height to which the liquid will ri.se in a tube of 
known radius the .surfaci' tension (’an be accurately determined. The preeau- 
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tioiiB which have to be takiMi for an accurate (leteriniiiation have been in- 
ventiKated by Richards.* 

The drop weight method by itsc'lf does not give the absolute values of 
surface tension. Wlnm a droj) forms at the end of a tube of radius r (this 
radius refers to the circh; of contact betw(‘en the drop and the tube), at the 
moment before its siz(; is such that the drop will fall, this drop is in a state of 
e(pjilibrium. A small displacement will not alter its potential energy. Sup- 
pose tin* drop is disi)laeed through a distance dx, the change in i)otential energy 
will then b(! 

T I 

— nujdx + 'lirrdxyi — 7rr— > 
r 

wh(*r(? wt is the mass of the dn^p. The first term ri'jiresents the decrease in 
l)ot('ntial eiK'rgy due to gravity, the .second that dui' to surface tension, and 
th(‘ third the work done against the preh.>ur(‘ e\ert(Ml by surface tension, for 

y I 

the latter is givim by — • Mipiating this to /.(uo, it follows that 
/• 

mq 

7 / = — , 

7rr 

so that, by nu'asuring tlu* weight of a drop and knowing tlu' radius, the surface 
tension can la* calculated. This relationship is baM'd on tin* assumption that 
tin* disphuaunent of th(‘ droji at the moment of fall is such that tlu' liipiid 
between th(‘ droi) proper and th(‘ tub(' has tin' form of a cylinder, whenais 
actually it will have a/'onical shapi', tin' curvaturi' dcpemling both on the 
radius of the tube and tin* surfaci* tmision of the luiuid. 'flu' surface' ti'iision, 
7;, is tlu'refore ('(pial to a constant times tin* wi'ight of tin' drop wlu'n' this 
constant has to be evaluateal. This has bec'ii done by Harkins.- The constant 
is only slightly alfected by the surface tension ami a correction can tlu'n'fori' be 
applied when the surface tension is apjiroximate'ly known. Many of the 
determinations of surface tension prior to the investigations of Kicharels and 
Harkins are incorrect by as much as twenty |)('r cent dm' to the neglect of taking 
into account the precautions advocated by thesi' investigators. 

From what has been said in regard to lati'iit heat of evaporation and surface 
tension, it wamld sei'in jirobable that the two are related. The latent heat of 
evaporation is a measure of the w’ork done in bringing the molecules from the 
interior of the liipiid into the va|)or above. This \v<»rk consists in bringing 
molecules first to the surface against the field of molecular force, and in then 
moving them out of this field of force, together, finally, with the work done 
against the external pre.ssure. Tin' latter has a definite value, namely, ])V, 
where p is the vapor pre.ssure and V the volume formed. When this is sub- 
tracted from the total lab'iit heat, the remainder has been called the internal 
latent heat. The latter should be proportional to the .surface energy, and this 

‘ J. Am, Chun. Soc., 37, 1G5G (1915). Sw* also ifml., 46. 1190 (1921). 

‘Hivrkiius, J, Am. Clum. Sot\, 38, 22S (1910). 
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liiis boon found to bo tlio caso.* Again, ^inoo tiu' surfaoo (on>.ion is an indioation 
of tiie magnitude of inolooular fom‘^ of attraotion, it .should bo related to the 
critical temperature, for it has been shown that the critical temperature is a 
measure of the molecular force from the point of view' that the higher the 
critical temperature, the greater is the kinetic (mcTgy which the imtlecules 
must have in order to prevent licpn^faction by mnhrular birces. This too has 
been confirmed, (pialitatiN cly at least, by exjxninumt.- However, iu» exact 
proportionality factor has been found experiiiKMitally to exist (‘it her for this 
(jr for th(‘ prec(‘ding relationship when litpiids are comjiared whose molecules 
dilTer wiih'ly with rc'gard to th(‘ir comporn'iit atoms and constitution. 'I'he non- 
exist(‘nc(‘ of exact relationships is of great importanci' b(‘C.ause this, m.s woll as 
many otlu'r ajijiarent difhculties in inter|U‘(*ting the kinetic theory, may possibly 
be traced to a factor which has not as yet Ix'eii coiisidc'n'd, namely, tin' orimita- 
tioii of mol('cul(‘s at low tt‘mperatur(‘s 

Th(‘ variation of surface teiisiim with the leinp(‘iature has bi'en the subject 
of much resi'arch. With iis(' in tempeiatun* the siirfaci* tension ih'crc'ases, 
reaching a Z(‘ro \alue at the ciitieal tempeiatuie bor the greatiT part of 
the temperature rang(‘ th(‘ relation between surface tension and tiunperatun* 
is neaily liiu'ar. As the ciitieal tiunpeiatun' is approached within about S", 
th(' surface tension \aiies l(‘ss r.ipnllv with tin* tis<‘ in temperature. It was 
shown b\ lAitx os,"' and Hainsa> and Shields,^ that the \arialion of the inoleeiilar 
surfa('(' (Uieigv with the teinpeiatuia' is ;i con''tant 'I'liis can be repres(>nt(‘d 
by the e<iuation 



where M Is the molecular weij.dit and (/ th(‘ deiisit) of the liipiid. 'I'he (‘xpressioii 

M ‘ 

for the inole< iilai surface is based oil sinfaees which contain (‘(pial 
The \olume contains iM|Ual numbers of molecules; 


numbers of inolecuh's 


M, the molecular weight, reb'rs not l<»the theoietieal molecular weight, but to 
the coiigloiiieratioiis of atoms in the Injiiid who'-e center (d gru\itv has fn'edom 
of traiislatory mo\enient in tin* ln|Uid ;dong any thr(‘e a\(‘s at right angle, s. 
Itaiiisay and Shields ha\e shown tli.at, bir noinial Iniuids, A has a constant 
xalue 2.12, independent of the nature of the Inpiid. A number of liijuids have 
since been found which give exci-ptioiial \ allies for /.'. If tliesi* exceptions are 
neglected for the moment, then this relationshij), if really true, divides liipiids 
into two classes : those whose molecules in tin* InjUid stat(* an* ji.s.'-ociations of 
vapor m()lecul(*s, and those which are not. W’at(*r belongs to tin* first class. 


* F<;ur(h Itrperl t»f Hni .Vshdc oii CollniU Ciifiii , p.-ije- 00, lUJi; 
’ FC<ts<»r. Kdiirtli Report of Itrif .\>r->or. on Colloid Chein , p:iKe 1)0, 11)22 
*Kot\os, 11 ird. Anil . 27, US 

♦ Rainsuv and Slneld^. /Vo/. 7>r;ns , A 184, (117 (IM).!}. 
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for in order to obtain 



M must equal .30 or .'> 4 , whereas, in the vapor, M has the value of 18 . This 
therefore brings up an additional comidicating factor in connection with the 
liquid molecules, namely, the association of molecules to form larger chemical 
complexes. A similar behavior has alrc'ady been referred to in the case of 
gases such as suli)hur va))or which apjjarently did not obey the gas law. There 
the discrepancy was explained on the basis of molecular complexity. In a 
similar way the licpiids with a.ssoi;iated molecules cannot be ex[)ccted to give 
results consistent with the kinetic theory. This is illustrated by the application 
of Trouton’s rule to liquids whose variation of molecular surface energy with 
the temperature shows that they are associated. Invariably the constant for 
Trouton’s rule is larger than 20.7 for these liquids. 

Perhaps the difficulties brought up by as.sociation of molecules will be made 
apj)arent by the table of |)hysical properties of a number of compounds having 
nearly the same theorcdical molecular weight. 


TAMM-: II 



'total Suiface 
iMiergy 

Critical 

Tetnporature 

llaiOHay and 
Shi(‘l(ls ( ’onstant 

Trouton'.s 

Coiifjtiint 

Ethyloao Oxiih;. . . . 

7;{ 1 

-Hm.O 

l.Sl 

21.1 

Kthyl Alcohol 

ta.o 

. 01 : 1.0 

1.2 

20 0 

Acetaldehyde 

r)().a 

1.04 .0 

1 1 

21 ,0 

Methyl Kther 

T).*). 1 

402.0 

2 0 

21.2 


The first column gives the total surface energies. Kthyl alcohol has by far 
the smallest total surface energy; ethylene oxide tin* greatest. The second 
column gives the critical temjM’ratures which W(‘rc quoti-d us bi-ing a measure 
of the molecular forces of attraction. The.se values art' not at all in agreement 
with the surface energy because t'thyl alcohol has the highest critical temper- 
ature, much greater than that of ethylene oxide. Alethyl ether, which has 
the lowest critical temperature, has a greater molecular surface energy than 
alcohol. The explanation is given by the value for the Ramsay and Shields 
constant (calculated on the basis of theoretical molecular weight) and Trouton’s 
constant, given in the third and fourth columns. From the.se values it is 
apparent that ethyl alcohol at lo\v temperatures in the liquid state is associated. 
The surface energy and the critical temperature of ethyl alcohol are constants 
of two distinctly difTerent substances. The critical temperature is a measure 
of the molecular force of attraction between (’2H5()H molecules; the total 
surface energy is a measure of the molecular force of attraction between 
((’2115011)3 molecules. In the case of methyl ether there is no change in 
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molecular complexity, and ‘the critic.-d temperature and total surface energy 
are both truly representative of the molecular forces of attraction of one and 
the same licpiid. Hence, a comparison of the jdiysical cojistants of liquids, 
with a view to obtaining an insight into the magnitude of molecular forces of 
attraction, is only valid in the case of liquids with una.ssociated molecules. 

It is of interest to see plainly the influence of surface tension on the vapor 
pn'ssure by considf'ring a curved surface Suppose a molecule dost' to the 
surface of the liquid has a velocity sufliciently great to carry it out of t h(‘ surface. 
Three ca^'Cs may be consid<“r*‘d, a eoneave, a flat, and a convex surface, repre- 
si'iited by Case's 1, 2, and in I'lg 1. Convidtu- nmh'eules whiedi art' e(|ui- 



di''tant from (he ''Urfaee iii each eave The^e iiioleeules may b<‘ moving in 
any direelion hut (lie ehaiiee of (hen taking a <lne( tnm which will bring tln'in 
to tlu' "Urfaet' for a de'timte vt'loeitv will he givt'ii hv the three angles l)\, 0-j, 
and 0,j. Ohv ioihlv (he best chance for emerging fnnn the surface is in Cast' 3, 
tilt' convt'X surfact'i ohvioi^ly. aKo. the moletailes h'.'iving (lit' eonvt'X surfaet' 
will he soonest out of (In' imtleeiilar lange of a((racti<ui which is prtiportituial 
to the art'.'is of the sliailed n'gi(tns in the di:igiani Ib'iiet', since (lit' vapor 
liressure ^ dt'pendt'iit on (lit' number tif inoltMailt"' gt'tting out of tlu' litiuid, the 
vapor jin'xsure will he dependent on the eiirvaturi' (»f flit' surface as vvt'll as 
on the snrfact' ten-'ioii. It follows that iht' vapor pr("'sun' of small ilrops of 
Iniuitl is grt'ater the smaller tht' ladius t.f tht' drop 

It is not difhcult to establish the t \ae( relationship hetvvt't'ii the viijior 
jirt'.ssurt' and curvature Siippo'C a Inpiid N'-es to a height /t, in a capillary 
tiilx' whose radius is r, then, (he vapor pres'-iirt' ttf the eoiieave siirfat'e must 
he h'ss than that of the flat surface' heeaii^e, at tin' height, //, (he ]in'ssur(' of the 
vap»>r is less by th(' vveiglit of a ('olumn <»f vap<»r of that hi-ight than the vapor 
pn'ssure of the liquid at tin' flat surface- In fact, if // is (lie vaj)(»r [ires.sure 
of the concave surface, p that of the flat surface, and p the' ile'iisity of the vapor, 
then p ~ ])' must eepial ph , otherwM* eejuilihrium vvenild never n"*ult and a 
perjx'tual motion inachim' he |»ossihh'. 'I'ln' variation of gas pn'ssurt' with 
distance in a diiectioii perpemlicular to (he- feue*e eif gravity has he-eii shown, in 
Cliapter HI, to he given by 

p' 1033 X S2T 
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But 

rpfjh 

^ 2 cos 6 ’ 

80 that 

_ 2 cos O7.U 

1033 X-S27Vp{/ 


If the material of tlie tula* is such that the li(|ui<l makes an an^le of contact 
of 180°, tin* li(|ui(l will he* (lej)resse(l in the tula*, for then cos 6 is eciual to 
— 1, and 



P 


‘2yM 

1033 X S27Vp(/ 


'rids ^iv('s tin* vapor pressure of a small drop, iiial since, when r is exceedingly 
small, it follows that // is v<*ry larfi;(*, the eas(‘ with which vaj)ors can he cooled 
helow their eond(*nsinn temperature is (‘asily (*xplained hy tin* hij^h vapor 
pressure napdsite for tin* iiutial drop foimation. On tin* otlu'r hand, the 
vapor pressure of a eoncavi* surface of the lupnd will he very small wlu'u this 
concave surface is formed, say, hy a small huhhh* of the vapor itself, and, 
in addition, sinci* the pressure p in a small huhhh* must la* ^n'ati'r than the 
hydrostatic jiressun* hy an amount j^ivi'n hy tin* (‘(juation 

p7r/‘- = 277rr, 

it is easily un(h*rstood why liipdds can la* sup(*rh(*at('d helow tlu'ir surface. 
As a matt(*r of fact, it would app(*ar that the formation of a vapor huhhh* 
helow tin* surfaei* could not start, sinci* tlu* vapor pressuri* ri'ciuired i^ invi'rsely 
pro|)ortional to the rjidius, and tin* pressun* n*(iuir(*d in addition to the ordinary 
vapor pressure is also inversely ju-oportional to tin* ladius. Howi'ver, both 
depend on tlu* surfaia* tension ami this will decrease* when tlu* diameter of the 
huhhle eepials tlu* (*ITective ran|j;e of molecular attraction. 

The Orientation of Molecules: Tlu* id(*a of the polar moh*cul(* is almost as 
old as tlu* molecular tlu*ory itself. Tlu* basis of this id(>a is that tlu* field of 
molecular forces of attra<*tion do(*s not proce(*d uniformly from tlu* C(*nter of 
the nmlecule hut may hi* concentrated in the iu*if]:hhorhood of one of the atoms 
coinposiiifi: tlu* molecule, 'riu* oxygen atom has lonj? h(*en recognized as one 
whose field of force is not completely neutralized hy tlu* fields of force of 
neiRlihorin^ atoms held in direct ch(*mical coinlnnatiou with it. Formic acid, 
for instanci*, may he looked upon as having a large field of molecular attraction 
resulting in a high surface tension, high critical temperature, etc. Ethane 
molecules have a very small attraction for one another, as is evidenced hy their 
physical constants. A mole(*ule composed, so to speak, of both, namely, 
propionic acid, will then he a polar molei*ule, one in which the molecular force 
of attraction is more concentrated in one particular part, so that if these 
molecules are oblong in sliape, the field of force around one end, the - COOII 
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end, will bt* more pronouncod. From tho modoni point of viow of nn jitom, 
composed of electrons distributed nround a positive nucleii.s at the center, tin* 
Lewis, Langmuir or Thomson '•structun' of tin* molecule may be reprc'sented 
as a system of electron'^ and positi\e nm^lei the relative positions of ('('liters of 
gravity (d each of which can be estimated from the space arrangement of the 
atoms in the molecule. From this jxuiit of \ iow , a nudecule is polar w hen these 
two centers of gra\ity are some distance apart, and such a molecule can be 
K'presented as an electric doublet with the total negative charge at one center 
of gravity and the total positixe charge collecteil at the other. In a \ery 
htng and complev molecule such as sarcosuie, ('lltXll CILt'OOll, it is neta's- 
sary to reiiresent the distiibution of electricit\ by a greater number of positions 
than two. Again, if instead of accounting for the molecular forces of attrac- 
tion by the static electiic charges alone, magnetic lields rising from electronic 
inotiiUi are cuiisideied to play a part in inohaailar attraction, polar niohaailes 
can in that case be repiesented by magnetic doublets. 

'Phis Is not the place to diseiiss the rel.alne merits of the mechanislii giving 
rise to molecular attiaction, .a subject which pioperU belongs to a discussion 
of the theories of aloiuic structure It is Nullnaent to sav that on the basis 
(»f any of the hviiothescs (piotial. jiolar moliMailes are concei\able on the deliiii- 
tion of unecjUal (list iibution of nioha ular attiaetnui 'I'he existence of molecular 
orientation lognadly follow-^ (he conception <*f the polar ni(decule. Suppose 
that a nundier of nioleeiilrs ;ire placed in a row anchoied at pemits eipiidistant 
from one ai.othei but free to rotate, tliev would be oiicntated in the same 
direction. On (he eleetnc doublet basis, p.i instance, the j)osi(i\e of aiiv one 
molecule Would be .adj.icent to (he iieg.itive of its neighb<»r In three-dimen- 
sional s]iaee, oi ifut.it Ktii Would t.ake pi. ice, but in a dilTerent manner. 'I’he 
piincijilf go\ciniiig an oiiciitation is that the distiibulioii of positive and 
negative eh ( (in itv is sui h that it will be most umfoim and the potential energy 
theiffole a minimum 'I'hiis, .a thiee-dimensional system with (apiidistaiit 
molecules will, in a speeial case depending on the distance between the positive 
and negative centers of giavitv in the molecule and (he distance between the 
molecules, aiiange itself s,) ilnil each posiii\e will lend to surround itself bv 
eight neg.itivcs and vice \ers.a In sin h a s\stem, wheie the molecules do ind; 
lotate, (he foices of mutual attraction holding the system together as a whole 
may be very considciable, independeiitlv of aiiv xibratory movement which 
the molei ules mav have But once the iiiolei ules are given rotational move- 
ment and traiislatory movement (the latter implying that their average 
p(»sitions do not remain lixed relative to one another), (hen (lie force of mutual 
attraction will dimmish, and the nnue so ()n> gi'cater their rotational and 
traiislatory movement. In a gas at high temiierature the molecular orientation 
Is relatively .small. As the temperature is lowered, and |)artieularly in a 
lujuid where the iiioli cuh's are close together, jiartial regional orientation may 
take place, liy jiartial orientation it is implied that, although the axis of a 

‘ J. .1 'I'horiison, ./ FniuUiti In^l . 1Q5, .VCl ( inj.'l) I/4 *vvh. dw. Chnn. Sue., 38, 7()‘J 
(lllUU- Laiigimiir, ./. Am. Vhm, Sm 41, s<»s (lUlU). 
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molecule will pass through all directions relative to a line fixed in space, it 
will on the average take up a direction influenced by, and influencing the 
direction of the axes of its neighboring molecules. If this is so, it follows from 
what has been said above that the sum total of the molecular forces of mutual 
attraction of the molecules will vary with the temperature, increasing with 
lower temperature. 

Phenomena have been observed which are in line with the observed con- 
siderations. Certain substances such as cho!e.sterol acetate and p-azoxy- 
anisole, whose molecules are particularly polar, melt to form milky liquids the 
inilkiness of which disappears with rise in temperature. Such liquids are 
anisotropic, and the misleading name of “liquid crystals” has been given to 
them by 0. Lehmann. ‘ The turbidity and optical proi)crties were explained 
by Lehmann on the basis that these substances melted first of all to form large 
aggregates each of which was a crystal, the disappearance of turbidity being 
accounted for by the melting of these small crystals in turn at higher temper- 
atures. This explanation is in opposition to the kinetic theory conception of 
a liquid. The liquid crystals would have to be enormous aggregates in order 
to give the optical phenomena observed. Yet, these liquid crystals have low 
viscosity (whereas liquids with large molecules have very large viscosities), 
and their variation of molecular surface energy with the temperature is in 
agreement with this low molecular weight. In fact, the variation of their 
physical properties, except for the rather sharp disappearance of turbidity, is 
continuous. In order to correlate his theory of liquid crystals with the proper- 
ties of ordinary liquids, Lehmann was willing to abandon the whole kinetic 
theory of liquids. The real explanation of liquid crystals is given by the 
regional orientation of the molecules of the liquid taking place in a manner 
discussed above, an hypothesis which was put forward for the first time by 
E. Bose.* 

The distinction between regional orientation and a small crystal is that all 
the atoms in a small crystal may be looked upon as belonging to the same 
molecule, whereas in a region where orientation has taken place the molecules 
retain their identity and have translatory and rotational energy possessing 
only an averaged orientation for a very short time. The regions in a liquid 
are not sharply defined, but pass gradually and without any discontinuity 
into one another. These regions may be momentarily represented by arrows 
giving the direction of orientation. Contour lines around these arrows would 
represent the gradual diminution of orientation and blending with the direction 
of a neighboring region. These contour lines would be continuously shifting, 
orientation arrows disappearing and new ones api)euring in fresh places. In 
the case of p-azoxyanisole the temperature at whicli visible turbidity still 
exists increases with the pressure.* This is in agreement with the above 
theory, since increased pressure brings the molecules closer together and 

* Z, phytik. Ch«m., 71, 35 (1910). 

* Pkytik, Z., 9, 70H (1908); 10. 32. 230 (1909). 

* Hulett, Z. phyaik. Chem., 28, 029 (1899). 
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increases the chance and probability upon which regional orientation depends. 
These “liquid crystals,” i.e., liquids with visible turbidity, are liquids with 
exceedingly polar molecules. It is probable that regional orientation, though 
far less pronounced, will exist for other liquids whose molecules are not quite 
so polar. The saturated fatty acids exhibit a slight turbidity just above their 
melting points which gradually disappears with rise in temperature. The 
longer the fatty acid the more pronounced is the turbidity, being very marked 
in the case of palmitic acid, for instance, and not visible in the case of acetic. 
Nevertheless, it is probable that a certain amount of regional orientation existe 
in the latter. Recently an important contribution to this subject has been 
made by the study of X-ray diffraction caused by liquids,* and important 
results may be expected in the near future from this lino of research. The 
variation of the extent of the molecular orientation with the temperature has 
an important bearing on the variation of molecular forces of mutual attraction 
and is a factor which may account for .vome of the discrepancies of van der 
Waals’ theory applied to liquids. 

The regional orientation does not give a resultant orientation for the liquid 
as a whole. Only when a small enough volume is chosen will the average 
directions of the molecular axes give a momentary predominant direction; 
in a neighboring region the predominating direction may be just the opposite. 
This is what gives rise to turbidity in the .>«)-called “li(iuid crystal” liquids. 
Another type of orientation confined to the molecules in the surface layer has 
recently received considerable attention. 'I'he fascinating experiments of 
Rayleigh, Devaux, Debrouste and, more recently, Langmuir'* on the areas of 
water over which small portions of fatty acid can spread s1k)W that the area of 
contact of a fatty acid molecule is imh'pemlent of the length of the carbon 
chain, proving that these molecules are orientated. liangmuir extended this 
idea to all liquids whose molecules were at all polar. The (►rientation will take 
place in such a way that the potential energy will be a minimum, that is, the 
gradient of the differential force between liciuid and vai)or will be least abrupt. 
Thus, if the main force of mutual attraction is confimal to one end of a im)lecule, 
that end will tend to orientate the moh‘cule in such a way that it is closest 
to the main body of the molecules in the licjiiid. This latter hypothesis was 
developed indepcmdently by Ilarkii^s'* who collected experimental data in its 
support. If the molecules of a fatty .'odd are again taken to illustrate this 
point, they would all tend to have the hydrocarbon part of the molecuh; 
forming the surface of the licpiid and the carboxyl groups |)ulled towards the 
main body of the molecules of the liquid. If it is remembered that the arrange- 
ment at the surface is dependent on a dynamic equilibrium, it is easily seen 
that the movement of the molecules will tend to counteract the orientation, 
just as agitation counteracts regional orientation. The surface orientation, 
therefore, treated statistically, means that, on the average, over a long period, 

• Kccswni and de .Smedt, Proc. Acad. Set. AmMcrdam, 26, 112 (H)2.'l). 

* Langmuir, Md. Chem. Eng., 15, KW (1916); J. Am. Sec., 39, 1848 (1917). 

» J. Am. Chem. Eoc., 39, 354, 541 (1917). 
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the axis of the moleculofl will occupy one position in preference to another. 
Experimental evidence in support of the idea of surface orientation is given 
by the examination of the surface energies of* homologous series such as the 
fatty acids. Tlie ciuestion of the temperatures at which the surface tensions 
should be compared is answered by comparing the total surface energies, which 
have already been defined as y - whore <70 is the heat recjuired for isothermal 
. dy 

expansion of unit area. Now, i/o = the variation of the surface 

tension with the tmuperaturc is practically linear and can be expressed by 
7 “ 7 o(l - (iT). Hence 7 ~ 1/0 = 70 is independent of the temperature. 


TAHLi: HI 



Fortnio <).*{/) 

Acetic 

Propionic 9 

Hatyrio .VIA 

buuric 5 .}.a 

Palmitic Vt..') 

Stearic 51.8 


Ramsay and 
Shields (^mstant 

0. 90 

1. ao 

1.41 

1.-57 

2.57 

2.93 

3.0-1 


In Table III the values of the surface energies of .some of the fatty acids are 
given. It will be noticed that the surface energy decreases with increase in 
length of carbon chain and tends to reach a minimum value. This is in agree- 
ment with the orientation at the surface. Formic acid has the largest surface 
energy and little orientation will probably exist. With incnaising length of 
carbon chain the tendency towards orientation increases with a con.seciuent 
diminution of potential energy, a limiting value being reached with butyric 
acid. 

The third column in Table III contains the Ramsay and Shields constants 
for the variation of molecular surface energy calculated on the basis of the 


theoretical molecular weights. If the variation of surface energy with the 
temperature is a constant for a molecule independent of its nature, then formic 

( 2 1 

" j =3. When the higher acids 


are considered, a similar calculation leads to the apparently absurd result that 


these acids arc dissociated. In the case of stearic acid, for instance, y'j" j 

« i. From the point of view, however, of the orientation at the surface, 
dissociation need not be assumed to explain the experimental facts. The 
calculation of the molecular surface to obtain the Ramsay and Shiekls con.stant 


is given by 


(EY' 
\<‘) ’ 


that is, it is a.ssumed that the molecules are spherical or 


cubical in shape. Orientation will mean a far larger number of molecules per 
unit area in the case of the long molecules. The longer the carbon chain the 



THE LIQUID STATE OF AGGREGATION 


135 


greater the Ramsay and Shields constant, which is in agreement with the 
experimental data quoted above. The stearic acid molecules may even be 
associated as the formic acid molecules are, and orientation will still account 
for the high value of the constant. 

In the beginning of this section mention was matle that the polarity of a 
molecule might possibly be represented by either a magnetic or electric doublet. 
An examination of the dielectric constants .seems to point to the existence of 
electric doublets, since the more polar C()mi)ounds have tlie greater dielectric 
constant. When a liquid whose molecules are polar is i)laced in an electric 
field, this electric field will tend to orientate the molecules if these are electric 
doublets. The orientation will be in a direction such as to create alternate 
layers of positive and negative electricity throughout the licpiid, the positive 
and negative layers obviously taking relative positions so as to diminish the 
intensity of the electric field. Thus, the mechanism giving ris(‘ to the dielectric 
constant can be easily explained. On the other hand, p-azoxyanisole, which is 
a turbid liquid in the neighborhood of its melting point, has this turbidity 
diminished when placed in a powerful magnetic field,' showing that the 
regional orientations have been given a common direction. Artificial orienta- 
tion has been caused in this ca.se by a magnetic field, so that the molecules 
might be taken as magnetic doublets. It may be found eventually that both 
magnetic and electric doublets exist in polar molecules. lI()W(*ver that may be, 
the long prevailing idea of anon-uniform molecular field of force* surrounding a 
molecule is one of the factors which must be considered when(*v(*r molecular 
forces are brought into play in connection with the liquid state* of aggregation. 

Molecular Orientation in Films: lb*fe‘rence was maeh* in the pree*eeling sec- 
tion te) the exi)eriments of Langmuir, by me^ans eef which the eerientation of 
meelecules at liquid surfaces was established. One^ phase of this we»rk, the* 
orientation of molecule's in films of molecular fhickn(*ss, has been subjecte’d tee 
an extcneled investigation by X. K. Adam * anel the* re*sedts warrant a .separate 
.section becau.se of the highly instructive information which they have given 
with regard to molecular dimensions and mole*cular fore'cs. 

The experimental method u.sed was the same as that designeel by Langmuir. 
It is shown diagrammatically in plan and (*levation in I'ig. 5. A trough, d, 
is filled with water, separated into portions by two strips, li anel C, of parafliiieel 
copper immersed in the water to half their thickness. Strip li is snpporteel 
by the w'alls of the trough and make.s contact with the sieles. Strij) C is 
fastened rigidly to a beam Imlanceel on a knife edge, F, which is supported by 
a stand not shown in the diagram. On one end of the beam a pan is fastened 
on which w’eights can be placed, anel a counterpoise weight i.s attached to the 
other end. Strip C docs not touch the sides of the trough and is free to meive 
in either direction, S or S'. When pure water is in contact with both sides 
of strip C, the balance is in its zero position, adjustment of the weights liaving 
l)cen made so as to bring strip C directly uneler tlic knife edge. On placing 

• Maugin'n, Compl. Rvful., 152, 1(>H0 (1911). 

* Ptoc. Roy. Soc., 99 A. ,3.16 (1921); 101 A, 4, >2. 510 (1922); 103 A, 070, 0S7 (1923). 



136 


A TREATISE ON PHYSICAL CHEMISTRY 


an oil, which apreads over water, between strips B and C, the surface tension 
forces on C are upset; that of the pure water predominates and the strip tends 
to move in direction S, but is prevented from doing so by the addition of the 
proper weights to the balance pan. To stop the oil from getting past the ends 
of the strip C, two jets of air are played at points D and D'. These jets are 
maintained at constant speed, and any effect they have on strip C is adjusted 
in the first instance, before adding the oil to the water surface. 



Kui. r>. AjiimmOirt for of Film ( 'liiiriictcristit's 


A description of the precautions that have to be taken, such as the assurance 
of an uncontaininnted water surface, will not bo detailed. The procedure to 
form the film consists in placing a known weight of the substance out of which 
the film is to l )0 formed, dissolved in a few drojw of benzene, on the surface 
between the strips li and C, the former being at the far end of the trough. 
After the benzene has evaporated, the strip B is gradually moved toward C. 
Provided a small enough quantity of substance has been used, no effect is 
noted on atrip C until the area between B and C has been diminished beyond 
a certain point. After that, weights are placed in the pan to keep C in its 
zero position, the areas between B and C and corresponding weights being 
tabulated. The weights arc expressed in dynes per unit length of C, measured 
in the direction S', and the area, measured in square centimeters, is divided by 

~ *6.06 X 10”, where m is the weight of the substance composing the film, 
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and M its molecular weight. This gives the average area occujned by each 
molecule. 

The first series of substancea examined by Adam were the saturated fatty 
acids, with carbon chains ranging from twelve to twenty-six carbons. Curve I, 



21 23 23 21 23 23 27 

Area cm^XIO*'* 

Fi<i. 0 


Fig. G, was obtained when distilled water was used, and the temperature 
maintained at 20° The attraction of tin* COOll group for wat<'r and tin* 
consefiuent n'duction in surface ein'rgy caus('d l)y the spreading of the acid 
ensured a dis|)ersion over the surface, one molecule tiiick, 'I'lie striking 
feature found was that curve 1 was identical, within a few per cent, for all the 
acid.s examined. That is, when the area of the film had Immmi reduced to the 
extent where the molecules were closely pack<“d together, the area occupied 
per molecule was foutid to be 21 X 10“’ s(iuare cmitimetc'rs, independent of 
the length of tin* carbon chain. Wln'n tlie area was diminished below 21 
X 10“‘® sq. cms., a slight compres.sioii occurn*d, indicat('d by the curv(! ah, and 
then, suddenly, the film was found to collap.M*, due t<» the juling up of the 
molecules of the film. The fact that the molecule.s occujiy the same area 
independent of the length of the carbon chain, and the fact tliat the area found 
(21 X 10~‘* sq. cms.) is the area of the cro.ss-scction of a t'Hj group estimated 
in other ways, is conclusive proof of the ori(*ntation of the molecules composing 
the film. 

Naming the polar group the head of the molecule (in the case of the fatty 
acids, the COOH group), it npimars that the head o(;cupies a greater area than 
the cross-section of the chain. Where the film is spread over distilled water, 
the cross-section of the chain gives the effective area, because of the different 
depths to which alternate molecules enter into the water. That this is so was 
shown by increasing the liydrogen-ion concentration of the water, which 
diminishes the attraction of the COOH group for the water and forces all these 
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groupB to the same level. Curve II shows the result obtained for any saturated 
fatty acid, spread over iV/100 HCl solution. The area corresponds to 25 
X 10~‘* sq. cins., the cross-section of the polar group. Diminution in area in- 
creased the lateral pressure on the film molecules and forced the heads to 
different levels until the carbon chains were again in close contact, correspond- 
ing to a cross-section of 21 X 10" •* sq. cms. This is brought out by the point 
of inflection, d, in Fig. 6, curve II, 

Table IV shows a number of results selected from a large number of sub- 
stances examined. Column I gives the name of the substance composing the 
film; column II the number of carbon atoms; column III the area of the cross- 
section of the carbon chain; column IV that of the polar group. 

TAHLK IV 


pROPKItTIKS OF OhIKNTKD FiI.MH 



NatidxT df 

(’rdrt!<-,scctidn 

Teniporaturo of 


(’ Atdin.s 

(!haiii 

Hrad 

Exi)ansioa 

Myristic acid 

14 

21.0 

2.'>.1 

0“ 

Htouric acid 

IH 

21.0 

25.1 

10° 

Hcliouio arid 

22 

21.0 

25.1 

72.5° 

(Y'tyl alodhdl 

in 

21.0 

21.7 

40° 

8U'ari(! idtrilo 

IK 

21 0 

27.5 

20° 

Hoxadocyl plu'iidl 


21.0 

2:1.7 

.5:1° 

Octadeoyl phetud 


21 0 

2;{.s 

00° 


It is interesting to note that the area oecupii'd by the lu'ad in the case of 
benzene conqiounds such as octadecyl phenol, which have' a long carbon chain 
and a polar grouj) in the para position, averages 23. S X 10 scj. cms., which 
is in agreement with an area of 23.3 X 10"‘” sq. cms. as deduced from the 
measurements of Bragg on the crystal structure of benzene. 

At low temperatures the molecules in the film are in direct contact over 
the whole surface aiul in this condenseil condition are in either the licpiid or 
the solid state. The films show no hysteresis effects and the portion, ab, of 
the curve shown in Fig. 0 does not vary appreciably with the temperature. 
The lower ])arts of the curves, be, liave the general shape of hyperbolas, and 
represent the effect of the film while the area per molecule is greater than the 
cross-section of the chain or the head. The molecules of the film are under a 
vertical force due to the attraction of the polar group for the water, the force 
which causes orientation but is not sufficient to cause actual solution. The 
molecules of the film are furthermore held together by the attraction they have 
for one another. Counteracting this horizontal force is the kinetic energy of 
the molecules of the film in equilibrium with the thermal agitation of the water 
molecules. This tends to dis|M*rae the iiiolecules and those at the edge of the 
film evaporate, as they are confined to the surface of the water by the attraction 
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of the polar groups. Adam accounts for the portion, be, of the curve in this 
way, 

Adam observed a change of “state” to take place when the films were 
gradually heated. What occurs can best be explained by referring to Fig. 7. 
The curve shows what happened when a palmitic acid film, spread over a 
iV/100 HCl solution, was warmed, the strip t’ in Fig. V being maintained in its 
zero position under a constant 
force of 1.4 dynes. At the lower 
temperatures the area 25.1 X 10~‘* 
sq. cms., corresponding to the r 
cross-section of the head, remained - 
constant until between 2S® and ^ / 

35° a sharp expansion took place, g / 

followed by a small steady expan- “33 / 

sion above 35°. The expansion o / 

coefficient above this temperature JJ 30 / 

corresponds in magnitude to the < / 

thermal expansion coefficient of a 23 ^ 

gas. A change of state evidently 

occurred, analogous to the change' 

f i-ji 1 .1 Temperot lire 

of solid to gas. 1 lie longer the car- 
bon chain, the greater is the lateral 

attraction between the orientated molecules and, as a n*sull, tin' teinperatun' 
at which this change occurs rises with length of carbon chain. 'Phis is brought 
out by the last column of Table IV, an additional ('lb. group corn'sjionding 
to a rise of 9°. That the jiolar groiij) has iin iidluenci' and that theri'fore its 
lati'ral attraction coini's into jilay is shown by comparing sti'arie acid and 
steari(! nitrile films, the temperature of change of state of thi'si' films differing 
by 20° although they have the same number of (’llj groups jier moh'cule. 
This shows the ndatively great attraction between the jiolar groups as com- 
pared to the hydrocarbon chains. 

The experiments described illustrate the existence of orientation of molecules 
and the predominating influence of the polar groiij) on the jiroperties of 
molecules. 

Effect of Orientation on Physical Properties: In the iireceding sections it 
was shown that molecular orientation exists under certain conditions and it 
is worth while to point out definitely what infbu'iice this jihenomenon may be 
cxi)ected to have on the phy.sical constant.^. 

The magnitude.s of the phy.sical jiropi'rtics, melting point, surface tension, 
van dor Waals’ a, etc., are governed by the molecular forces. The larger the 
relative value.s of these constants the greater are the molecular forces. Melting 
point can be interpreted as the temperature at which the molecules are anchored 
to definite positions in space relative to one another, that is, the temperature 
at which the molecular force of attraction is strong enough to prevent trans- 
lational and rotational movement due to their kinetic energy of the molecules. 
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Surface tension of a liquid is due to the differential force of attraction on the 
molecules near the surface of the liquid at low vapor pressures, there being a 
larger number of molecules below than above the surface layer. The critical 
temperature is the temperature at which the average kinetic energy of the 
molecules is just sufficient to permit their escape from the main body of the 
liquid under the condition of concentration least favorable for escape. Van 
der Waals’ o is a measure of the difference of pressure registered on a ma- 
nometer from the true pressure existing in the bulk of the gas. 

In the following inhh a number of related compounds which have been 
examined are written down in a decreasing order of magnitude of the physical 
constants mentioned above. The substances chosen are compounds for which 
the constitutional formula is well known and (except in the case of the triple 
bond compounds) can be r(‘adily represented by the Lewis-Langmuir or 
Thomson atom. 


TABLl': V 


Critical Tomporaturo, 

Sui ffico 'reiiHion, * 

PreeziiiK Point, 

Oaaea 

Li(|ui(l.s 

Solids 

Ethyl alcohol 

Ethylene oxide 

A<’»-tylene 

Ethylene oxide 

Aet!hd(h'li>de 

Allyleno 

Acetaldehyde 

Acetylene 

Ethylene oxide 

Methyl ether 

Methyl ether 

Ethyl alcohol 

Allyleno 

Allylcne 

Acctaldch> dc 

Propane 

I*ropylene 

Methyl ether 

Propylene 

Propane 

Mtln lone 

Acetylene 

lOthylene 

Ethane 

Ethane 

Ethyl alcohol 

Propylene 

Ethylene 

Ethane 

Propane 


The order of the compounds is by no moans the sanu' in all three columns. 
If the properties are really representative molecular force of attraction, the 
first conclusion would be that the force of attraction varies with the temper- 
ature, that is, with the molecular velocity. Although this is doubtless true to 
a certain extent, inasmuch as the violence of collision may influence the relative 
positions of the atoms in the molecule, there is another reason for the variation 
in the columns, namely, that the molecular force influences the molecules in 
two ways; first of all, the attraction of the centers of the molecules which tends 
to cause approach; secondly, the polarity of this force which tends to orientate 
the molecules relative to one another. In the case of gases, the first pre- 
dominates, since, due to the equilibrium between rotational and translational 
energy, the rotation of the molecule may be looked upon as preventing orienta- 
tion. This is not so in the case of the molecules in the surface of a liquid. 
Langmuir’s ingenious experiments have shown that polar molecules at the 
surface of a liquid are, on the average, orientated so that the surface energies 
are representative of the attraction of the polar group for the main body of 
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the molecules which are not orientated. This force diminishes with length 
of molecule or rather with the distance to which the polar group can get below 
the surface. In a solid, all molecules are so completely orientated that they 
lose their identity to such an extent that the solid as a whole may be regarded 
in many cases as one molecule; quite a dilTerent force will be retjuired to pull 
the molecules into the liquid. 

The critical temperature is, then, the measure of the attractive force 
between the molecules at the surface of a gas and the main body of the gas, 
neither set of molecules being orientated. Tin* surface energy gives the force 
of attraction between the molecules at (he surface, which are orientated, and 
the bulk of the molecules, which are not orientated. The melting point is a 
measure of the attraction between orientated molecules at the surface and the 
bulk of the molecules, which, in this case, are also orientated. Other physical 
properties similarly depend on one or other of the above ))ossibIe orientation 
combinations. Thus, van der Waals’ a and critical temj)cratiire, latent heat of 
evaporation and surface tension, are, in a l)road sen.se, niterchangeable in the 
above table. 

In general tliough, taking a l.arge nuinb('r of dilTc'rcnt substances, those 
which come near the to|) in one list come near tin* top in another. This applies 
particularly to those which are not decid(*dly polar. Tin* critical temperature 
and van der Waals’ a are the best measure of the total attractive force. 

Cohesive Force, Law of Force of Molecular Attraction: It has already l)eon 
mentioned that liquids have a cohesive force* ('videnced experimentally by a 
tensile .strength which cannot be nn*asured (juantitatively. It follows from the 
derivation of van der Waals’ equati«m that the cohesive force is repre.scntcd by 

- , where a is van der Waals' constant. When a is calculated for water from the 

critical constants of tlu\t substance, (and it nn>st be remembered that a is 
obtained only approximately in this way), the surprisingly large value of eleven 
thousand atmospheres is ol)tain('d. This is called the ‘'intritjsic pressure." 
A manometer of infinitely small thickness when placed in the water would 
register this jiressure in additi(»n to the conqiaratively insignificant vapor 
pre.ssure. The pre.ssure would be due to the attraction of the molecules on 
the op{X)site sides of the imaginary manometer. Since the molecular force of 
attraction falls olT very rapidly with the distance, as is evidenced by the 
constant surface tension of a film down to a thickness of lO"* cm., the ma- 
nometer would have to be of a thickne.ss less than this in order to indicate any 
intrinsic pressure whatever. Obviously, thi.s pres.sure cannot be measured by 
mean.s of a manometer. The illustration serves to show, however, what is 
meant by intrinsic pressure. 

Stefan * and Duprd * have suggested methods for the indirect determination 
of intrinsic pressure. Duprd considers that the internal heat of vaporization 
of a liquid is a measure of the intrinsic pressure. Stefan has argued that the 

I IVtVrf. i4nn.. 29, 555 (1SK6). 

* Compter Rendwt, 66. 141 (ISdS). 
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latent heat of vaporization of unit volume measures twice the intrinsic pres- 
sure. This would result from the conclusion that the work necessary to drag a 
molecule from the interior to the surface of* a lifjuid is equal to that which 
would suffice to drag the molecule outwards from the surface beyond the 
range of molecular attraction. If this relation holds, 


r 

jti 



2 


Li, 


From this equation putting dv ecjual to 1 cc., and assuming a value for the 
internal latent heat of va])orization for water eciual to 540 cals., an intrinsic 
pressure of the order of ten thousand atmospheres is calculable. It should not 
be expected that such a calculation will give anything other than the order of 
magnitude, since additional degn'cs of freedom, more particularly of vibra- 
tional motion, may be gained by the moh'cules on evai)orating. 

In unassociated licjuids where molecular regional orientation is assumed to 
be absent, the effective volume of a mohumle may, owing to its rotation, be 


regarded as spherical. 


If the law of attraction has the form ~ , the work done 


in separating the molecules from their initial average* distance /•/ in the liepiid, 
t(» their final avejrage distance r„ in the gas will be 



C, 

n - 1 




)■ 


J. W. Mellor ' has pointed out that this is eepial to 




Since vi and are proportional to rd and r/, (n - 1) will be eipial to 3, and 
hence n = 4. 

Unfortunately, from an experimental point of view the intc'rnal latent heat 

relationship would reepiire A, proportional to { V and this does not hold 

for any substance over a temperature range. Mills,- for instance, assuming 
that the force of attraction varies as the inverse sipiure which would make the 

work done equal to C’j ( ^ — i- V and, taking Dupre’s idea that the work done 
\ri rj 

in separating the molecules is equal to the internal latent heat, concluded that 

Li would be proportional to { — -- -L ). He found that the expori- 

mental values of Li, tq, and Vg obeyed the above relationship for some thirty 
substances over a wide range of temi)eratures. Kdser ^ in a recent paper has 

» Phil. Mao., (01 3. 423, 1902. 

* Mills, J. Phys. Chem., 6, 2lH> (1902); 13, 512 

* Fourth Report of British Association on Colloid Chein., p. 40 (1922). 
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criticized these deductions on the ground that the variation of the constant 
with the temperature was neglected. He points out that tlie inverse scjuare 
law obviously cannot hold and that the agreement obtained by Mills was due 
to the variation in molecular force of attraction with the temperature which 
just compensated for the error involved in using the inverse square law. Kdser 


obtains empirically that a must be replaced by a 


1 T 


, and comes to 


the conclusion that the intrinsic pressure is eciual to /., 



which 


gives the value of the intrinsic pressure for water (which has Ix'cn used above 
as an illustration) as twelve thousand atmospheres. In the saim* paper, lOdser 
shows that the surface tension is ecjual to the intrinsic pressur(‘ multiplied by 
the diameter of the molecule and a known function of n wliere n is the power 
in the inverse distance law. By using the known values of the surface tension, 
the internal pressure given by the above e(iuation, and an appro.ximate value 
for the molecular diameter, sixty-five difT<‘r(‘nt substances gave the most 
probable value of n as being S, so that the attraction apparently varies as thi! 
inverse Sth power. Space does not permit further discussion of the derivation 
of Kdser’s relationship between intrinsic pressure and surface tension. 

The value n = 8 is not proven c(mclu.sivcly, as I'al.ser himself emi)hasizes. 
The assumption wdiich has to be made in calculating the diamet(‘r of the 
molecules and the assumption that the internal latent heat represents only the 
work done in separating the moh'cules from one anotlu'r are not alom* the 
causes of this uncertainty. The function of n is such that a large variatioji 
in n affects the relationship only slightly. MoreoV(‘r, it is probabh* that n 
W'ill vary from one sj)ecies of molecule to another. Hut it do('s se(*m c(*rt{un 
that n is eciual to or greater than 4. 

The range of molecular forc(‘ is of course a ''Ubject of great importance and 
dei)ends upon the value of fas well as on tin' \alucof n in — . I he range given 

by the above expression is of course infinit(‘, but may be arbitrarily defined 
as a distance at which it becomes negligible compared to llu' attractive force 
of gravity. 

Viscosity of Liquids: The mean free path of a im»lecule, which, in the case 
of a gas, could be estimat<*d so readdy from viscosity and thermal conductivity 
data, can manifestly not be evaluated in tlx* case of a molecule of a liquid. 
The mean free path of a molecule of a liquid is certainly very small relative 
to that of a molecule of a gas; possibly it differs so little from the average 
distance between the molecules that one hesitates to use the term at all when 
applied to liquids. Not only is the number of molecule.s per cubic centimeter 
enormously greater than in the case of a gas, but the molecular attractive 
forces play a greater part in deflecting the molecules and shortening their 
mean free path in this way. The phenomenon of diffusion is evidence of the 
existence of a mean free path, but no definite information can be obtained con- 
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cerning the magnitude of the free path. For, the diffusion can at present 
only be followed by the movement of dissolved molecules and this introduces 
the complex problem of the attraction between solvent and solute molecules. 
Information on this question may be obtained in the future by measuring the 
rate of the diffusion of one radioactive isotope through another. As will be 
seen, the coefficient of viscosity throws no light upon the mean free path of a 
liquid molecule. 

The coefficients of viscosities of liquids can be most conveniently determined 
by a method depending on the rate of flow through capillary tubes, making 
use of Poiseuille’s relationship. The coefficients of viscosity show that there 
is a marked increase with increase in molecular weight. The temperature 
coefficient of viscosity of a licpiid is opposite in sign to that of a gas. 

The problem of viscosities of liquids was greatly clarified by the work of 
Phillips,^ who measured the viscosity of carbon dioxide at various temperatures 
over a large range of pressures extending to very 
high pressures, where the carbon dioxide may be 
looked upon as being in the state of a liquid so 
far as the molecular forces of attraction are 
concerned. In Fig. 8 are shown the isobars of 
the coefficients of viscosity at various tempera- 
tures. The 1-atmosphere isobar shows that the 
viscosity incrca.ses with the temperature in ac- 
cordance with the kinetic theory of gases. In 
the neighborhood of this pressure also. Max- 
well’s law, that the coefficient of viscosity does 
not vary with the pressure, holds fairly well. 
The law, however, only holds as long as the gas 
approximates to the ideal condition. As the pre.'<sure is increased considerably, 
new factors come into play and the viscosity increases with increase in pressure. 
The 4()-atmosphere isobar still shows a positive but slightly smaller temper- 
ature coefficient for the viscosity. The fiO-atmosphere isobar indicates that 
viscosity is independent of the temperature. At this pressure and over the 
temperature range shown, the average volume of the carbon dioxide is .some 
twenty-five times that of the space occupied by the molecules as calculated 
from van der Waals^ h. The 7()-atmospherc and higher isobars show negative 
temperature coefficients similar to the temperature coefficients of viscosity of 
liquids. Thus, the change in the property of viscosity varies continuously 
from gas to liquid. 

The motion of a stream of molecules through a region dense with other 
molecules means a displacement of these molecules. Thi.s can only be ac- 
complished by their moving against the attractive forces existing between them. 
The motion is analogous to that of one piece of sandpaper moving over another 
against which it is pressed. The two pieces of paper will not be as close to- 
gether as they are when at rest. Motion of the molecules through the other 

• Proc. Roy. Soc., 87A, 48 (1912). 




THE LIQUID STATE OF AGGREGATION 


145 


molecules of a compressed gas requires work to he done against the intrinsic 
pressure, and this factor will eventually outweigh all others. Hence, the 
viscosity of a gas is greatly increased when the intrinsic pressure becomes 

large. In a liquid, the intrinsic pressure is given by — which, when the vaj>or 

c* 

pressure is low, is proportional to — ^ — • The increase in volume of a liquid 

(y - 0 ) 

with temperature will therefore decrease the viscosity, liatschinski ’ has 
shown that the viscosity of a li(iuid is closely related to its volume when ex- 
amined over a temperature range. 

Specific Heats of Liquids : The molecular heats of licjiiids cannot, as yet, 
be deduced from theoretical princiides. The heat atlded to a licjuid is used 
up in so many different ways, few' of which can b(‘ s(‘parat('ly estimated, that 
this inability to calculate the molecular heats of liepuds is not surprising. 
Energy has to be supplied not only to increase the translational and rotational 
movement of the molecules but alb<» to increase tlu' \ibralional movement of 
the atoms in the molecules. The latter is (piite marked as I'videnced by the 
incnaised molecular heat with increased number of atoms in the molecule. 
A fairly constant increase in molecular heat per additional ('Hv group in 
homologous s(‘ries has been found, liesidcs tlu'se modes (d (mergy consump- 
tion, heat is rc(|uire<l for expansion against the moh'cular forc('s of attraction 
which, in a li(iuid, are considerable. The specific Inaits of substance's in the 
lieiuid state are, conse([Uently, gre'ater than those of substances in the solid or 
gaseous states. 

The specific heats of liepiids have be(*n nu'asured at constant i)ressures only, 
since the* determination at constant volume presents gn'iit ('xperimental 
difficulties. The molecular heat at constant prc>sure for a jiolyatomic gas 
is of the order of 5 to 10 calories. Compare this with the molecular lu'at of 
the liquid hydrocarbon, mesitylene l-.’C.*) ('< II ,(( 'll d,), which is 7().4 cal. 
The molecular heat of an organic liipiid increases from (i to 10 cahtries for tlie 
addition of each Cifs grouj). This fact i.> the best exidence for tiu' large 
amount of energy bound up in the vibratory motion of the atoms in the mole- 
cule. It i.s therefore not surprising tluit the molecular heats of licjuids increase 
with rise in temperature just as do the moh'cular heats of gases with vibrating 
atoms. The molecular heats of licjuids containing «miy one atom to the 
molecule might be expected to be relatively low. d'hey should not increase 
w’ith the temperature .since there is no po.‘'sibilily of increased vibratory motion 
of atoms in the molecule. As a matter of fact one wouhl expect a negative 
temperature coefficient for the molecular heat of a monatomic liquid. The 
heat added to a monatomic licpiid should be 5 cal. plus the heat equivalent 
of the work done during expan.^on, that is, the work done in separating the 
mo'ecules against their molecular attractions. Witli rise in temperature and 
therefore increased volume this work shouhl be less and less and therefore the 

‘ Z. physik. Chan.. 37 , 214 ( 1901 ). 
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Bpecific heat should diminish. Two liquids believed to be monatomic have 
so far been examined. Liquid argon has a molecular heat of 10.5 cal., constant 
over the short temperature range of sixteen degrees over which measurements 
have been made. Mercury has a molecular heat of 0.68 cal.' at 0® C. and 
this actually decreases to 6.56 cal. at 85® C., in conformity with the idea out- 
lined above. 

The proper procedure in an examination of the molecular heats of liquids 
would be to measure the specific heats of gases under increasing degrees of 
compression and to follow out the changes in specific heat a.s the gas is com- 
pressed from a condition in which it is in its ideal state to pressures where its 
condition approaches that of a liquid. 

* BarncH and Pftyi*. Utte., 16 , (m (UK).'q. 



CHAPTER V 

THE SOLID STATE OF AGGREGATION 

BY HOHEIIT N. PKASK, P.i I), 

Ansocutlc Profri^finr of Chemintr;/, UtiivcrsUu of Viujinio 

The ordinary conception of a solid represents it as a porlion of matter 
possessing rigidity— that is, offering resistance to forces tmiding to deform it. 
Solids differ from fluids in not being subject to flow Such a distinction has 
little value from the scientific standpoint because* of its indefmiteness; for 
flow can be induced in nearly any solid by the prope'r applicalion of a sufficiently 
great force. A much more fundamental distinction among the states of rmitter 
follows from the recognition of the fact that the* m;ijority of substances can 
e.xist in solid forms which an* boumh'd by plane* surfae’cs so oriente*d te) one 
another that the whole posse'sse*s '•emie de*gn‘e' eif symmetry. \ substance* in 
this state is said to lx* crystalline* and the state* is ealle*d the crystalline state* 
eif aggregation. All other .Milid l)oelie*s are* elasse*d as amoiplioiis anel are tee 
he regardeei as notliing other than liepiiels of great vi‘'e‘osity. Among such 
substances are gla.sse‘s and re*sins. 

That ameerphous seilids eliffer from liipiiels only iei degre'e* is ele*monsirate*el 
by the fact that em heating they lee^e, bv impe*ie*e*ptjb!e* gnielat ions, their rigieliiy 
anel may become* as tluiel as wate*r. 1’he* ab'*e*iie*(* of a ele*finite* transitieui peiint 
renelers it futile* tee ;ittempt tee eli'.tinguish such beee)ie*s as .seeliel uneler erne s(*t 
eef ceinditieeiis anel liepiiel uneler aneether. With ci vstalline* seeliels, howeve*r, 
matters are very eliffe*re*nt. Mve'ry crystalline* seiliel has a elefinite iransitiem 
point at which it unelergoe’s an abrupt change* mtee a hquiel with abseerption of 
heat. Ameirphous soliels can be* re*g:irileel as partaking in that continuity eef 
state wdiich characterize*.s the transit ieeii freun gas to liijuiel uneler given ceeri- 
elitiems. Nee such continuity characteri/e-N the transitieeii from crystidline* tee 
lieiuiel states, so far as can be eli'.ceeve*re'el In\e•^tigatie)ns on the* influence of 
tremeneleeus pressure on the bchavieers eff crystalline; substane;e*s have sheewn 
that the trnnsitiem to the liepiiel state* invariably take*s place; abruptly when a 
definite temperature, which eicjeenels upeen the pressure, is reache*el.‘ 

It may thcrefeere be conclueieel that there is a funelame*ntal elifference between 
the crystalline anel all other states of aggre*gution. ITemi comparatively early 
times it has been believ(*d that crystals are to be re'garded as structures built 
up by the symmetrical arrangements of some ultimate units, iis contrasted 
with the random arrangement eif such units in fliiiel.s. The discovery by 
PTieelrich and Knipping,^ acting em a suggestion eff baue*,^ that crystals act 

* See*. e.R., Bridgman, Proc. .Iw. Aoul Sn , 47. 441 (1UI2) 

^Sitzber. K. Bay. Aknd.. June (iniJl. .hihrimrh. d. ftadK^ikl. n. EUktronik, 11, .'iOH 

(1914)^^^ 
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as thrftc-<limt*iiHiona] optical gratings for X-rays, with all its results, has left 
little doubt that such is the case. The constituent atoms in a crystal are 
arranged in a definite pattern which is regularly rei)cated tiiroughout the body 
of the crystal. In fluids, definite arrangemetits of atoms within the molecules 
undoubtedly p(‘rsiKt, us witness the fact that liquids and vapors may be opti- 
cally active, but the molecules themselves are distributed at random, ‘ 

TuK ElKMKNTS of C'UY.STM.I.OOnAl'HY 

Crystal Form: A study of the forms which crystals assume has led to the 
recognition of certain gtoieral laws of crystal form and to a classification on 
the basis (»f tin* degree of symmetry possessed by such forms. This is embodied 
in the science of crystallography. 

If difTerent crystals of sonar pure substance* which have Ix'en j)rej)!ired by 
essentially similar pr(»cesses are examiiu'd, they will be found to difTer as to 
size and as to the extent of develojena'iit of cetrn'sponditig faces. These things 
depend, in a manner only incomplet<*ly know!i, upon the nu'thod of prepara- 
tion. If, however, the angles forna'd by the intersection of eorresj)on(ling 
faces on thes(' difTerent cryst.als are ineasun‘d, it is fouial that th(‘se :ire always 
the same. This fa(rt is emlxalied ii) tlar first law of crystallography --the law 
of the constancy of interfaeial angles. 

Kven a cursory examinatiojj of a crystal is in many cjises suflieient to con- 
vince one that the ori(‘ntati(m of its face's is bv lU) nu'ans random. Thus, the 
faces on crystals of sodium ehlorieh; obviously unite* tei form a cube*. In the 
maje)rity of case's, he>weve*r, tla're are* ch'.arly pre'semt faeev of dilTerent char- 
acters. Tlie'se useially eiccur in greuij)s eef like* fae'e*s arrange'd symmotrically 
with re'spect te> the crystal as a wliedc. Such groups ceeustitiile* a feerm. 

The sece)nel law e>f crystallograjehy ele*als with the* e)n(’ntation of the faces 
een a crystal with iTspe'ct te> euie ane»the*r. The* crystal may be suppe)scel te) 
have running through it axe's (kne»wn as axe's eef re'ferenee) with r('s|)e'ct tei which 
the faces may be* placeel in space. When the'se are' suital)lv che)v('u, it is feeiinel 
that alt faces cut a given axis at elistaiu'e's freun the* e)rigin which stanel to one 
aneether as small wheeh' numbers, if they cut that a\i^ at all for the'v may 
alternatively be parallel tee it. This is the secemel law of cry>talle»gra[)hy— the 
law e)f ratieenality eef intere*e'pts eir inelice's. 

It fe)lle)Ws fre)m the law eef ratieenality eif intercepts tliat the'ie correspeenels 
to each reference axis in a given crystal an inelivisible unit of length in terms 
e)f which the intercepts of faces on that axis are expres>ible as small whole 
numbers. This unit may or may not be the same for the dilTerent axes of the 
crystal. The actual values of the unit for corresponding axes on individual 
crystals obviously depend upon the size of the crystals. The nilioa of the 
units on the different axes are always the same for crystals of the same sub- 
stances, how'ever. This follows from the law of constancy of interfacial 
angles and is sometimes termed the law of constancy of axial ratios. 

* howover liiiuid oryuUils aiut surface tilius. 
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For the axial ratios of a crystal, it is customary to choose tlic ratios of the 
intercepts of some characteristic face rather than the ratios of the above- 
mentioned units, some one intercept l)einn taken as unity. The intercepts of 
all other faces can then be simply related to these. For examj)le, in tiie 
nuneral, barite, a face whose intercepts stand in the ratios 0.8 lo : 1 : l.Jlld 
is chosen as the unit face. We may designate the.se as a : h ; c. The symbols 
of all other faces can then be written in terms of the.se. Two such faces have 
intercepts which stand in the ratios l.tidi) : 1 : l.dld and O.Slo : « ; 0.I12S, 
resj)ectively. The.se can evidently be written a.'' 2a : h : c and a : Jr. 

The latter are know'ii as tlu' Wiiss Kiimholi of the faces. As these symbols are 
rather cumber.some, another set. in which the smallest whole numbers (*x- 
j)re.ssing the ratios of the ru'lprocals of the ciK ficients of the Wei.ss .symbols, is 
now universally used. These .symboF are known .as the Miller indiees of 
the face. Thus, for the second of the twat f.aces m(‘nti(me<i above, the Wei.ss 
symbols are a : cob : Jr. The eueflicients st.and a.^ 1 . « ; Tlu' reciproeals 
of these stand as 1:0: 4. The MillcT indices of tlie fac<‘ .an* (‘xpn's.^al as 
hot]. For the other face, the Milh'r iudice> are ll-2j. 

The Classification of Crystals : Then* are recogni/.abh*. on thi' majority of 
cry.stals, sets of faces similarly orieiitial with riNjiccI to I lie symim'lry of the 
whole. Such a .set is known as a form. Thu>, th(‘ ^ix faces of .a cube together 
co^^titute a form, as do the eight face> of an octalaalron. 'riie,''e forms can 
he gathered into groups which have' the ."aim' number of axes .and pl.anes that 
is, the same I'lements- of .''ymmetry. Sncli gioujis eonstitute the crystal 
cla.ssc's, of wliich tln're are 32. Axes of refenmee may be elioscn for each of 
these cla.sses Mich (hat tlie indices of all lh(* faces of any one form are the .same. 
When this is done, it is found (hat the cry.-t.al cla.s.-e.s can Ix' groupiai intoM‘ts 
for which the axes are the .same as r(*gards equably or imapiality of (heir lengths 
and of th(! aiigle.s they maki' with one amtther. The.si' .s('l,s an* tlie crystal 
systems, of which th(*re are se\en. Thi'se scviai crystal sy.sfcmis with their 
axes are: 

I. 77i/ Tiichmr or Anotlfut Syi^lnn Three a\e> (.f iiiie.|ii.il length all oieliia'd at uiie<nial 
iiiii:les other than U0°, (>(>", 4.')° or '.Hf. 

II. The Monorlinic or Moiio'^ynimitnc SijAnn Three ;i\e.s of uiie<jual leiiKth. omi> al riKht 
ariKle..s Uj the other two. which an* ineliiied to one anollxT. 

III. The Jihomhc or Orlhorhonihic Syihm. Three axes of ui.e<nial hainth hut at rixht 
anodes. 

IV. The Tdrayonol Sy.sOm Thre<* reelaiiKular axes, (wo of which are of e.nial leiinth. 

V. The Trigonal S\i»Um: Thiee axes of equal h-imlh. fonimiK efiu.al angles (other than 
fH)°) with one another, 

VI. The Hexagonal System- 'I'hrce axe.s of equal h-iutth Ivimt in the Kame plane and 
ineliiu‘d at 00° to each other and a fourth .axis periM'iidieiihir to (hem and unefpi.al to them 
i«i length, 

VH. The Citbic System: Three C(iual rectangular axes. 

Crystal Structure 

It was early recognized that the external form of crystals and their proper- 
ties o^'^eavage indicated an internal structure consisting of some regular 



m iha tMi that trhea crystals of many sub- 
iMli tv <^ta a^ rock salt» are shattered, the fragments have the 
sainelorm as ttM» crystals, and suggested that repetition of the process 
fragmcnta^tt wdhid eventually yield elementary petioles {molecules inte- 
grantes) haying thn/iame form as the larger crystals. These elementary 
)»rtlclM were regarded by Hatty as the “bricks” which form the complete 
^ystal when packed side by side. He was able to show that this type of 
structure would account for the law of rational indices. Although this par- 
ticular theory became somewhat discredited for many reasons, the fundamental 
idea has been retained. By degrees, however, the emphasis has been shifted 
firom the elementary particle itself to its center of gravity or other point chosen 
the same for ali the particles. These points can be thought of as arranged in 
some regular fashion on a three-dimensional trellis-work. Suppose that three 
sets of parallel planes interpenetrate, the distances between planes being the 
in each set but in general different for the different sets. Then the lines 
k which the sets of planes, taken in pairs, intersect, represent the trellis-work 
and ^he points at which one plane of each of the three sets intersect, represent 
the points at which the elementary particles may be placed. Such an arrange- 
ment iC known as a 8pm4aUice. 

It is evident that as many interpenetrating space-lattices could be drawn 
as there are like points in the elementary particles. For example, one such 
lattice might be constructed for each atom in the molecule. Thus, if in calcite, 
the molecule CaCOi is taken as the elementary particle, five interpenetrating 
space-lattices of identical dimensions could Ixi constructed, at the points of 
one of which would be placed the calcium atoms, of another the carbon atoms 
gnd of three others the three oxygen atoms. These five lattices may be re- 
garded as derived from the fundamental lattice by translation. A new and 
mdre oomplioated arrangement of points in space obviously results. Such 
. arrangement of points is known as a space-group. 

From considerations of symmetry, it has been found that only a restricted 
number of space-groups, obeying the law of rational indices, is possible. There 
are in fact just 230 such symmetrical arrangements of points in space. With 
respect to their symmetry, these 230 arrangements fall naturally into 32 classes 
which are identical with the 32 crystal classes. If the space-groups represent 
the actual grouping of atoms in crystals, it is obvious that there are many such 
groupings possible in the majority of the crystal classes, that is, there are a 
number of alternative arrangements of atoms which all have the same 
aymroetry. The older method of studying crystals, based on the character of 
laeei developed, cmi usually establish the symmetry and thttiefore the class 
Ijklfckch a orystid belongs, but gives no informatiem as to tha apaee<^roup, and 
tk^ore the actual arrangement of atoms* It is the great aduovement of the 
method analysis of t^ystal structure, trldch will now Wdiscussed, that 
it was abte to take this lost step. By means of X-ca^r analysie, ^ arrangements 
ef atoiii bl^llfie number <»ystals have now bM 



(a) iau6 digram d magne^uin oxide 
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X-rajrf. and Crystal Structure: Tho iji»vo.stiguti()iis which have culnunated 
in the determination of the arranReinents nf atoms in crystals with the help 
of X-rays had their beginning In attempts to obtain diffraction effects with 
X-rays. With an ordinary optical grating, there h no measurable diffraction, 
indicating that if X-ra 3 ’s are actmdly light wave.s, tlu'ir wave-lengtlis must l )0 
very small even compared to tliat of \isible light.’ \'arious estimates had 
set these at 10“* to 10“* cm. Since the si)aeing of the lines of a grating must 
be of the same order as the wave-lengtli of the light to be measured in order to 
obtain appreciable diffraction effects, it would obMon.'^ly be impossible to 
prepare a grating which would diffract X-ra)^ if (lu‘ir wave-lengths are aa 
estimated, becau.so tlie distance between lines woiiM iK'cd to 1 k‘ comparable 
to the distances between the molecules of the solid. 

It was siiggestetl by Lane - (11)12) that if cr\stals in reality represent orderly 
arrangements of atoms or molecules, thev 'should act a.^ tliree-dimenHumal 
optical gratings for X-rays, since various i‘''timates had jdaceil tho distances 
between atoms in crystals at about 10" ‘‘ em Tlie di'termination of the type 
of spectrum to be ex))ect('d otlenal considi'rabh* diHiciilties, but Lane was able 
to show that if a beam of X-rays was thrown upon a cr\slal, it should 1)6 
partially converted upon transmission through the ciwstal into a number of 
diffracted beams arranged s\ mnadricalK aiound the jirimary beam in a 
manner governed jirincipally by the sunmetiv of tin' crystal. This should 
be revealed on a photographic plate, placi'd din'ctly back of the crystal, by a 
central image surrounded by a ^ymnn-tneal group »tf sjiois, l.xperiments, 
carried out by Friodricli and Kmpjiing ' seton after, comphdely confirmed tlie 
prediction. Two .so-called Lam* phologiaph'' of the diffraction patterns so 
obtained are sliown in Plat(' 1. 

This discovery not only demonstiatiMl that X-ravs were in reality light of 
short W'ave-lengtli but also imlicatecl that mlormation as to the actual arrange- 
ments of the atoms or molecule.'' in ciN-lal" could probablv be obtained by 
this method. Becau.si* of the dillicultv of the anal\ and the almost com- 
plete lack of information as to th<‘ chaiacteii''tic'' oi <‘ilher the X-rays or the 
atomic arrangements in the ciw^tab, little use (amid be made of the results 
at the time. 

The Bragg Method of X-ray Analysis: W. II and W. L. Bragg Shortly 
afterwards devised a modification of (he Bane iiK'thod which first made possible 
direct determinations not onlv of the actual arrang<*ments of atoms in many 
crj'stals but also jirovide*! a method of (h'fermining the absolute wave-lengths 
of X-rays. 

The space-lattic(‘ arrangement of atom'' *)r molecules in a crystal indicates 
that the atoms or molecules can be regarded a- occurring in parallel planes 
whose orientations are fixed by the law of rational indices and by the symmetry 

‘ The wave-loiigth of s^kIiuih -- I) lne* i'' X 10 »'m. 

* SiVdm, K. Bay. Akad., Jimr (1012). Jahrbmh <1. Ktulimkl u. Hb ktrunik, 11, 308 (1914). 

• BUsber, K. Bay. Akad., Jum* (1012). 

*X Raya and Crystal Structure, Oy W. H and W L. Hnigg, 1013. See alw) W. H. 
hrwi, J. Chem, 8oc., 109, 260 (1916). 
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of the crystal. Each face of a crystal is developed parallel to some one of 
these planes and the most frequently occurring faces are usually developed 
parallel to those planes which are richest in atoms or molecules, which are 
those planes of small indices. The Braggs were able to show that the diffrac- 
tion of X-rays by a crystal could be just as satisfactorily and much more 
simply treated as reflections from thohc successive ))lanes of atoms rather than 
ns diffractions from a three-dimensional grating in wliich each atom represented 
a center of diffraction. In the Bragg method, X-rays composed principally 
of a single wave-length (i.e., “monochromatic” X-rays) are allowed to fall 
on a face of a crystal. A reflection spectrum is obtained, that is, the mono- 
chromatic light is “reflected” at certain definite angles only. Tliis is analogous 
to the reflection of visible monochromatic light by a stack of very thin plates 
of glass. The values of thc.se angles vary with the angle of incidence of the 
beam, other things being eipial. The problem is considerably simplified if 
only those cases are considi'red whim the b(‘am is “reflected” at an angle equal 
to tlie angle of incidence. Under thesi' conditions, a vc'ry simple relationship 
exists betwemi this angle, tlu‘ distance betwi'cn .successive ])arallel planes and 
the wave-length of the X-rays. 

In Fig. 2, f>, p • • • are supposed to repre.senl such jiliines jiarallel to some 
face of a crystal. Their common sjiacing is e(|ual to d .I.IM'M'” n'presents 

iin advancing wave front of 
.\-rays of wave-length 
Considi'r those pjirts of this 
be.am of .X-j-ays which unite to 
gi\(‘ a reflection along H(\ ThF 
distances traveled by different 
parts of th(‘ beam in going from 
.1 .1'.U'.l'” to U differ according 
as they are reflected from one 
or another plane. Thus, con- 
sidering only the first two planes, the paths are MiC and respec- 

tively, The different parts of the beam, which are (U’iginally in pha.se, will 
not be in phase w-hen they reach U, due to the difference in jiath, unless this 
difference is a whole number of wavi'-lengths. Except when this is the ca.se, 
there will be no reflection at C, for the cumulative effect of even a slight 
difference in path between wa\es rellectc'd by succcf'^ive i)lanes is sufficient 
to cause almost complete interference. The difference in path depends ujion 
the value of the angle 0, other things being equal. Hence it i.s necessary to 
determine for what value of d the difference in path is numerically eipial to a 
whole number of wave-lengths. 

Extend A'lT to 1) and draw HD (which is perpendicular to the i)lanes 
p, />•••)• EN perpendicular to A'/). The difference iu length of the 

two paths ABC and A'lVC is e(iual to 



BIT - ITS = A. 
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But 

Hence 

But 

1 1 (Mice 


HIT - iri). 

in) - IFX = XI) = A. 
XI) 


HI) 


m’ii Z XHI). 


HI) — 2(1, and Z XHI) ~ 0, lh<' an^^lc of incidiMice. 


XI) - A - L>d*.siii 0. 


Maxima in refh'cfion will ocimii’ wIkmi A(- A />) ^ e(iii:il (oa wlutli' mimher 
of wavf'-longths, that is, to ii\, wluMa' n is a whole inimlxM'. Ueiu'e, for this 
condition we have, 

n\ ~ 2(1 sill 0, 


The apparatus used hv 
the Bra}^gs (h'ig. d) is similar 
to a sjioctrometer (and is in 
fact used as such). In place 
of an ordinary ^ratinfi;, th(‘ 
(MTstal is mounted at t he 
(•(Miter of a turn-table ha\inn 
a i^raduated circle, with the 
face of the crystal normal to 
the table. X-rays from a 
suitable source are jiassed 
through absorbing? screruis to 
r(Mid(M' them as nearly mono- 
chromatic as po.sNible and 
then through two adjustable 
lead slit s to obtain a well- 
defined beam. This beam is 
adjusted to strike the center 
of the crystal face, which is 
.•^et on the axis of the turn- 
table in order tliat rotation 
of the turn-table will not 
throw it out of alignment 
The reflected rays are 
received in an ionization 
chamber mounted on an 
adjustable arm whose jios - 
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tion relative to the crystal face can be read from a second graduated circle. 
The ionization chamber contains some gas such as SO 2 , which is easily ionized 
by X-rays, and is in connection with an electroscope, by means of which the 
intensity of the ionization and hence of the reflected X-rays can be determined. 
The crystal face and the ionization chamber are rotated about their common 
axis, keeping the angle between the face and the ionization chamber the same 
as that between the face and the incident beam,* and the strength of the 
ionization produced by the X-rays at different settings is measured. The 
settings corresponding to the maxima in reflecting power are thus determined. 
The corresponding angles between the face and the incident beam are those 
which should satisfy the relation, 

n\ = 2(1 sin 6. 


Since d and X should be constant for any particular face and type of X-rays, 
it is evident that the values of sin 6 should stand in the ratio of small whole 
numbers corresponding to the integral values of n. 

Sin 6 --- - nk 
2d 


where k is a constant. This is found to be the ca.se. Mcaisurements on the 
cube face of NaCl gave maximum reflections at 0 = 5.0°, 11.85° and 18.15°, 
using X-rays from a palladium anticathode. The values of the sines of the.se 
angles are 0.103, 0.205 and 0.312, respectively, numbers which stand in the ratio 
of 1 : 2.00 : 3.03 or nearly 1 : 2 : 3, as was to be expected. From the above, 
the spacing of jdanes parallel to the cube face can be obtained in terms of X, 
since the value of sin d for a given value of n is known. Thus, in the above 
example, the value of d is 



2 sin 6 


2(0.103) ^ 


‘1.85X. 


The analysis of crystal structure by the Hragg method consists in deter- 
mining, by the means just outlined, the relative spacing of jdanes j)erj)endicular 
to the principal directions through the crystal, by obtaining reflections of 
X-rays from the corresponding faces. These faces may be either those natu- 
rally occurring or ground on the crystal for this ]}urposc. These relative 
spacings depend upon the arrangements of the structural units, that is, upon 
the fundamental space-lattices characteristic of each crystal system. If, 
therefore, the system to wliich the crystal belongs is known, the relative 
spacings to be expected for the different types of space-lattice possible can be 
calculated and compared with those found by X-r^y analysis. Once the 
correct space-lattice has been determined, the absolute value of the spacing 
of the planes can be determined with the help of the density of the crystal 
and the Avogadro number (O.OG X 10*’). Knowing this, it is easy to calculate 
• This involves rotntinK the chnmln'r through twice the angle of n)tation of the ci^'stAl 
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the value of X; that is, the crystal can then be used as a reflection grating for 
the determination of the wave-length of X-rays. 

The Crystal Structures of Sodium and Potassium Chlorides: The first 
crystals successfully studied by the Braggs were those of sodium and potassium 
clilorides. These both crystallize in the cubic system. There are three fuiuln- 
meiital space-lattices possible to the cubic system. These are known as (lie 
simple cubic, the face-centered cubic and the body-centered cubic lattic(‘s. 
The whole space-lattice may be thought of a.s made u|) of a number of cells, 
among which the structural units of the crystal are di.stributed. Diagrams of 
such cells for the three cubic lattices are shown in Kig. t. In the simple cubic 
lattice, one structural unit is associated with each corner of tin* cubic C(‘ll. 
In the face-centered cubic lattice, one unit is associated with each coriu'r of 
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Cubic Lattice 
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TYPE A 
Face- Centered 
Cubic Lattice 
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TYPE B 
Body Centered 
Cubic Lattice 



the cell and om* with the centi'r of <‘ach face. In th(' body-cimterial ciibn* 
lattice, one unit is associated with each corner of the cell and one with the 
center of the cell, ^^'e may calculate^ the r(‘Iati^e spacing of the planes con- 
taining these units in planes parallel to tin* ciiIk' face, perjxMidicuhir to the face 
diagonal and perjieiidicular to the cube diagonal for tin' thna* types of lattice. 
Snell planes are jiossible crystal faces ami h:i\e th(' Milli'r indicis (lOO), fllO) 
and (111), respectively. Tin* faces of the liist type would be cube faces; of 
the second, face.s of a dodecahedron; and of the third, faces of an octaliedroii. 
Tlieir relative spacings for the three typi's of lattice are gi\en below, that of 
the (100) planes being taken as unity. 
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The positions of the maximum reflections from the (100), (110) and (111) 
faces of crystals of sodium chloride with palladium X-rays are shown in Fig. 5. 
The height of the lines indicates the intensity of the reflections. The first- 
order reflections occur at 5.9°, 8.4° and 5.2°, respectively, for the three faces. 
(The last, from the (111) face, is abnormally weak. The probable reason for 
this will be given later.) The sines of these angles are 0.103, 0.146 and 0.094, 
numbers which stand in the ratio of 1 : 1.42 : 0.91. Since 

nX 

^ 2 sin d ’ 


the corresponding values of d should be in the ratios of the reciprocals of these 
numbers, which are 1 : 0.71 : I.IO. The ratios of d for the three faces in the 
face-centered arrangement arc I : 0.71 : 1.15. The agreement indicates that 

the fundamental lattice is the 

face-centered. 

In the introduction to this 
.section it was stated that we 
may associate with the points 
of the space-lattice the centers 
of gravity of the units of struc- 
ture of the crystal or, if we wish, 
the atomic centers of any one 
kind of atom. T h u s , if the 
structural unit in the .sodium 
chloride crystal is the molecule 
Na(-1, we may, if we wish, 
associate the centers of the 
chlorine atoms with the points 
of the fundamental lattice. 

0“ 6' Iff 15’ 2ff 25’ 30’ 35’ 40’ Then, the centers of the sodium 

,, - , , „ rt i- 14 1 . atoms will lie at the points 

liu. 0 . lutonsity of Kofloctioiw ami Annh? of S('t- . , .... 

ii,m of loounium identical witli 

the fundament.al one in dimen- 
sions but displaced from it in .^ome direction, the two interpenetrating. Know- 
ing that the fundamental lattice in a sodium chloride crystal is face-centered 
cubic, the problem of determining how the two lattices are oriented to one 
another is presented. It is known that the scattering power of atoms of a 
substance increases with the atomic weight. The X-ray reflections are due 
to scattering and since the chlorine atom is one and a half times as heavy as the 
sodium atom, it is probable that the reflections are mainly due to the chlorine 
atom lattice, though these will bo altered somewhat by the presence of the 
sodium atom lattice. The only peculiarity noticeable in the sodium chloride 
X-ray spectrum is that the first order reflection from tlic (111) face appears 
to be abnormally weak and the tliird order spectrum is missing. 
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Suppose that the space-lattice carrying the sodiuin atoms is displaced from 
the fundamental space-lattice of chlorine atoms along the side of the fumla- 
iiiental cube half the length of the cube side. The effect of tiiis will be to 
alternate sodium and chlorine atoms along each cube edge and give a “chccker- 
l)()ard” arrangement of atoms on the cube face. Such an arrangement, wliieh 
is identical with the simple cubic arrangement except for the fact that it con- 
tains two kinds of atoms, is shown in Fig. 0, Type ('. With this arrangement, 
tlic jdancs parallel to the cube faces contain botli stxliuin aiul chlorine atoms 
in e(iual number and the spacing of these planes i.«, tlie same as that of the fun- 
damental face-centered lattice. Tlie ^ame is true of the jilanes parallel to the 
dodecahedral (110) faces. This arrangement will, however, bring planes con- 
taining only sodium atoms half-way between the (111) faces of the fundamental 
lattice. These planes must inlluence the reflections from the (111) faces. 
They would do so in the following manner. When the difference in path be- 
tween waves reflected from two succe.'^sive chlorine pl.anes is e(iual to one wave- 
length, the difference of path between waves refl('ete<l from the sodium ]>hme 
spaced half-way between and those reflected from either chlorine plane will be 
one-half a wave-length and therefore the two will be 1N(F out of phase. If the 
intensity of reflection from the sodium planes uere exactly the same us that from 
the chlorine iilanes, there would therefore be no ndh'cticm whateviT at the corre- 
sponding angle. If the reflection from the sodium jdaiie is somewhat the 
weaker, the reflections from the chlorine jdanes will still be didectabh' but will 
be abnormally weak. This is what !•> found for tin' hist order refh'ction from 
the (111) face of sodium chloride. Th(‘ same will hold true* for the third order 
reflection, when the waves from f hi' sodium planes reach the ionization chamber 
bj wave-lengths behind tho.se from tlu* chlorine ])lanes. For thi^ secoml onh'r 
leflection the waves frmn the sodium idam's are a full wave-length behind those 
from the chlorine planes and hence amplify the lattiT. The sjiectra are there- 
fore what would be expected from this simpk' cubic type of lattice. 

^\ hen a crystal of {lofassium chloride is examined, the spi'ctrum (hig. 5) 
is found to be of the same kind as that from .sodium chloride except that the 
first order spectrum from the (111) face is completely lost, ihe arrangement 
of atoms is alinust certainly the same as in sodium chloride! but in this case 
the two kinds of atoms, pota.ssium and chhtrine, are of neaily th(! same mass 
and therefore reflect X-rays with so nearly the same intensity that th(! waves 
from the (111) pota.ssium planes completely de.stroy tlm.se from the chlorine 
planes when the two sets are IStT out of jiha.se. 

The particular simple cubic or “.so<!ium chloii<le’' arrangement of atoms 
in sodium and pota.ssium chlorides is therefon* capable of accounting for the 
results. This, of course, does not eliminate the jiossibility of some other 
arrangement doing a.s well. This i.s very doubtful, liowever. An exhaustive 
investigation by Wyckoff ‘ of such po.s.sibilities in the case of magnesium oxide, 
which also apparently has the “.sodium chloride” arrangement, indicates that 
no other simple arrangement will account for tlie rc.sult.s. 

> For an extensive bibliography and discuH-sion of X-ray data waicerning crystals see 
Wyckofif, J. Franklin In»t., 195, 183, 349, 531 (1923). 
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Granting that the «imple cubic arrangement is correct, it is possible to 
calculate the distances between planes and hence to determine the wave-lengths 
of the X-rays used. We first wish to know the side-length of the elementary 
cubic cell. The first step is to determine the mass of substance, say sodium 
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chloride, which is associated with each cell. The elementary cell has a chlorine 
atom at each cube corner and one at the center of each face. Since each atom 
at a cube corner is also associated with seven other cubes, only 1/8 of its mass 
can be associated with the cube con-siilered. But there are eight such atoms. 
Hence these altogether contribute the mass of one atom to the unit cell. Each 
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atom in a cube face is associated with the adjacent cube and hence contributes 
only half its mass to the cube in question. Tlie six such atoms altof?ether 
contribute the mass of three atoms to the cube. Tlie total mass of chlorine 
to be associated with the unit cell is therefore eciual to that of four chlorine 
atoms. Similarly it can be shown that four sodium atoms are to be associated 
with the cell. We may therefore say that the cell contains four molecules of 
sodium chloride. Now a gram molecule of sodium chloride occupies a volume 
of 27.0 cc. and contains 6.00 X lO--’ molecules. Tlu‘ volume associated with 
four molecules is therefore 


27.0 

^ G.0G X 10“ 


I7S X 10 =' cc. 


This is the volume of the unit cubic cell. The length of side of this cell is 
ecjual to the cube root of this number, which is 0.1)2 X 10 * cm. Since one 
Angstrom (A.) is eciual to 10~* cm., thi.s is .").()2 A. Tlie distances between 
planes parallel to a (100) face is ecpial to one-h:df of this valu(‘, or 2. SI A. Hav- 
ing obtained a value for dm, X can be calculated. Using ray.s from a palladium 
anticathode, it was found that, for sodium chloriih', dm = l.SoX, whence 


X 


dm ^ 2.S1 
4. So 4. So 


O.oS A. 


4’his is the wave-length of the charactc'ristic X-rays from ))alladium. It is 
clear that by means of this method a crystal c.an be used to deterniine the wave- 
lengths of X-rays in a manner analogous to the <leterinination of the wave- 
lengths of visible light with an optical grating. This is in fact the method by 
which the absolute wave-lengths of X-ra\^ are calculated. 

Having shown in the case of sodium and potassium chlorides liow the crystal 
structure was worked out, it n’lnains to set forth some of the principal results 
as to the crj'stal structures of substances which have followed from the investi- 
gation. First, however, brief ni(*ntion will be made of an alternative method 
of procedure. 

The Powder Method of X-ray Analysis: Tlie Hragg mctliod of X-ray 
analysis requires a well-developed cry.''fal of moderat('ly largi; size. 1 here is 
another way in wliich w(*ll-de(incd diffraction effects can be obtained from 
crystalline .substances. This method, which was jiublished almost simul- 
taneomsly by A. W. Hull * in tin* United iStates and by Debye and Scherrer 
in Germany, depends upon the reflection of X-rays from the faces of minute 
cry.stals present in a crystal pow<ler. .All the important faces are apparently 
present on the various fragments of crystals in such a powder and those are 
oriented in all directions. If a beam of homogeneous \-rays is directed on to 
these, some. will be oriented so as to allow of reflection, that is, so that the 
relation 

n\ = 2d sin 6 

'Phyn. Ret., 10, 561 (1917). 

> Physikal. Z., 17, 277 (1916); t/W . 18, 291 (1917). 
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i'h satisfied. These reflections are registered on a strip of photographic film 
placed on a semicircle with the powder at its center. Such a film shows after 
exposure and development a number of fine dines which correspond to the 
reflection maxima, liy comparing the arrangement of lines with what would 
be expected for different arrangements of atoms, the particular arrangement 
in crystals of the substance under examination can be determined. 

The i)owder method luis been of particular value in determining the crystal 
structures of the metals, which cannot readily be obtained in the form of large 
crystals. 

The Powder Method as a Method of Chemical Analysis: In the powder 
method of X-ray analysis of crystal structure, a .series of sharf) lines, corre- 
sponding to the r(‘flecti(ms from the various faces when the relation 

n\ = 2d sin d 

is satisfied, are recorded on a strip of pliotographic film. These constitute 
a pattern wliich is uni(pie for every substance. It has been shown by Hull ^ 
that this fact can be utilized in the (pialitative analysis of substances in the 
solid state. For cxamjde, suppose that an ordinary chemical analysis in the 
wet way shows that a sainjile of crystalline .solid in the form of small crystals 
contains Na, K, C\ and Br and it is desired to know what particular salts are 
jnesent in the solid, whetlier NaCl and KBr or NaBr and KCl or all four. 
Ordinary analy.sis would bo unable to show. If, liowever, the sample is ground 
to a powder and an X-ray photograph taken by tlie powder method, this will 
be immediately revealed, since each ty])e of crystal lattice present will record 
on the photographic film its particular .set of line.s, which can then be identified 
by comparison with photographs obtained with the pure salts. From the 
relative inten.sities of the lines corresponding to the different substances, a 
rough quantitative estimate of the amount of each present can even be made. 

Some Results of X-ray Analysis of Crystal Structure: The crystal struc- 
tures of a relatively large number of substances crystallizing in the cubic system 
have been determined. Several types of arrangements of atoms are met with, 
drawings of which arc shown in Figs, 4, 5 and 0. 

Type A is the face-centered cubic lattice (see Fig. 4). Tliis is the structure 
of a large number of metals. It represents one type of arrangement which 
would result from the closest j)acking of spheres. An alternative arrangement 
resulting in a hexagonal structure is also met with ami is described below. In 
both, each atom is ecpiidistant from 12 others. 

Type B is the body-centered cubic lattice (see Fig. 4). Tliis is the structure 
of many of the metals. Each atom is equidistant from eight otliers. 

Type C is known as the simple cubic or “sodium chloride" arrangement. 
This is the structure of the alkali halides (except the cajfiium salts) and the 
alkaline earth oxides and sulphides. The two kinds of atoms are arranged on 
two face-centered lattices which interpenetrate in such a manner that they 
combine to give a simple cubic lattice. 

» /. Am. Chem. Soc., 41 , 1108 ( 1019 ). 
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Type D is known as the “CcTsium cliloride” arrangement. This is the 
structure of the ciesium halides, thallium chloride and the low temperature 
modifications of ammonium chlbride and bromide. The two kinds of atoms 
ate arranged on two simple cubic lattices which interpenetrate so as to bring 
the atoms of one kind at the centers of the cubes formed by the atoms of the 
other kind. The result is a body-centered lattice. 

Type E is the “diamond” or “zinc sulphide” arrangement. It is based 
on a face-centered cubic lattice and represents the arrangement of atoms in 
the diamond and in silicon, germanium and grey tin. Many binary salts 
including zinc sulphide have the same type of lattice, the atoms of one kind 
occupying the positions at the corners and face centers of the cube and those 
of the other kind being at the eentc'is of the allernatt' small cubes into which 
the face-centered arrangement can be divided. In crystals of diamond and 
of the other elements having this arrangement, the atoms of tlie (‘lement occupy 
all the positions. This arrangement is of particidar int('rest in that it |)laees 
each atom equidistant from four others. The clostmess of th(‘ i)acking suggests 
that the atoms are held by i)rimary valence bonds. 

Type F is the “calcium fluoride” arrangement. It is oik' of the arrange- 
ments in which salts which contain two aloms of om* kind ami on(‘ of another 
crystallize. Examples are calcium, strontium and barium fluorides. In this 
arrangement, tlie atoms, of which kind then' is only om* in th(' imtiecuh', let 
us say those of calcium in calcium fluoride', are ;irr;inged on a faee'-centi'red 
lattice. The atoms of the other kind, flmuiiu' in this exainjih', are arrangi'd 
on two other face-centered lattice's which pe'iietrale' the' first se) as tei bring a 
flimrine atom at the center of each e>f the* e'lght small cube's eif the; face-ce;nte'reel 
cube. 

Type G is the “cuprenis eixiele” arraiige'inent. This is the alternative' cubic 
arrangement feir comiiounds eif the type All.- eir A-B ami is the* structure' of 
cuprous and silver o.xidcs. The simjile.st way etf regarding tlie arrangeme'iit 
is to think of it as consisting of a lioely-ce'iitere'd lattice eif the atoms e)f which 
there is only one in the imileciile (oxygen, in the ease eif cuprous oxiele, ( uABi 
jienetrated by a face-centereel lattice em winch lie all the ateuns e)f the eitlu'r 
kind (copper in the ca.se eif cuprenis eixiele'), bringing the latter ateuns at the 
centers of the alternate small cube's into which the body-cente’re'el lattice is 
elivisible. 

Tw'O other types eif arrangeme'iits im»re eir h'-ss fre'ejuently me*t with be'lemg 
to the hexagonal system. Tlie'se are the* “he'xageiiial close-jiackeel ” ami the 
“zinc oxide” arrangements. 

The hexagonal close-packed arrangement is showui in Fig. 7. It represents 
the arrangement eif atoms in many iiu'tals. Ihe* funelamental cell in thi.s tyjie 
is a prism w'ith an equilateral triangle as it.s ba.se. There is an atom at each 
of the six corners of this prism. Six of the.se prisms may be fittcel together to 
give a hexagonal prism (shown in the figure). Three me>re ateims are imw to 
be placed at the centers of alternate triangular pri.srns. These form part of 
a second lattice interpenetrating the first. When the ratio of the side to the 
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altitude of the prism is as 1 : 1.633, the distance from one corner to the center 
of the prism is c(iual to the side-length. Under these circumstances each 
atom is equidistant from 12 others. 

In the “zinc-oxide” arrangement two 
hexagonal close-packed arrangements, one 
carrying the zinc atoms and the other the 
oxygen atoms, interpenetrate. The result- 
ing arrangement is difficult to visualize 
or to draw. The essential point is that 
it brings the atoms of one kind into posi- 
tions such that they are equidistant from 
four of the other kind. Consider one of 
those prisms of the hexagonal close-packed 
arrangements wliich contains an atom at 
its center. If the ratio of side to altitude 
is as 1 : 1.633, the atom at the center and 
the three atoms at the corners of the base 
are at the corners of a regular tetrahedron. In the “zinc oxide” arrangement 
an atom of the other kind will lie at the center of this tetrahedron. The 
“zinc oxide” arrangement, therefore, bears the same relation to the hexagonal 
cfose-packed arrangement as does the “diamond” to the face-centered cubic 
arrangement. 

One other type of structure is of special interest in connection with the 
subject of isomorphism. This is the “calcite” arrangement. The crystal- 
lographic axes are of equal lengths and inclined to one another at equal angles 
other than 90°. The unit cell may be regarded as a distorted cube. In 
calcite the calcium and carbon atoms are arranged in the same fashion as are 
the sodium and chlorine atoms in the “sodium chloride” arrangement, that 
is, the “calcite” arrangement might be characterized as distorted simple cubic. 
The oxygen atoms arc arranged in sets of three around the carbon atoms and 
close to the latter, showing that the carbonate ion maintains its identity in 
the crystalline state. The minerals dolomite (C’aMg(C 03 ) 2 ), rhodocrosite 
(MnCOs), and siderite (FeCOs) and the compound NaNOs all have the calcite 
arrangement. 

In the following table arc given the type of arrangement, the length of 
side of the unit cell and the distance apart of nearest atomic centers in crystals 
of a number of substances. The types of arrangements are abbreviated as 
follows: face-centered cubic (F.C.C.), body-centered cubic (B.C.C.), simple, 
cubic or “sodium chloride” (NaCl), “cavsium chloride” ((sCl), “diamond” 
(Diam.), “zinc sulphide” (ZnS), “calcium fluoride” (CaFj), “cuprous oxide” 
(CuxO), hexagonal close-packed (H.C.P.), “zinc oxide” (ZnO). For the 
dimensions of the unit cell, the length of side is given for cubic crystals and 
the side of the triangular prism and ratio of altitude to side for hexagonal 
crystals. The distance apart of atomic centers refers to the distance between 
nearest centers of like atoms in elements and of unlike atoms in compounds. 
Distances are given in Angstrom units (1 A. = 10“* cm.). 
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“ 
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Li 
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" 
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Zn( ) 
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Fe 

“ 
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*• 
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5.05 
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“ 
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KF 

“ 
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“ 
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■■ 
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a. 47 

Ce 

“ 

a. 0.5 

a 0.5 

llbl 


7.ao 

a.oH 



(1.02) 
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a.5o 
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•• 
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“ 

4.;io 
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164 


A TREATISE ON PHYSICAL CHEMISTRY 

TABLE I — Continued 


Eleriicut.s 

Compoi 

imds 




Distance 




Distance 



Side of 

between 



Side of 

l)ctwcen 

HubHtftiire 

'FyiHi 

Unit dell, 

Nearest 

Substance 

Type 

Unit Cell, 

Nearest 


A. 

Centers, 

A, 



A. 

Centers, 







A. 

(’ (din- 
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“ 
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“ 
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ZnS 
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“ 
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“ 
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2.38 
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“ 
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“ 
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(;u2He 

“ 
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CihO . . . 

ClhO 

4.30 
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A«2() 

'■ 
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The Structure of Crystals from the Chemical Standpoint. Salts: One of 
the mo.st interenting facts which has developed from X-ray analysis of crystal 
structure is that in crystals of salts (including oxides and sulpliides), the 
chemical molecule, as it is ordinarily thought of and as it would conceivably 
exist in the vapor phase, has completely lost its identity. Thus, in a crystal 
of potassium chloride, each potassium atom lias equidistant from it six chlo- 
rine atoms, each of which in its turn is equidistant from six potassium atoms. 
No pair of potassium or clilorine atoms can be singled out and said to 
constitute a chemical molecule, since each atom belongs as much to five other 
atoms of the other kind as it does to the one with which it is arbitrarily paired. 

Similar considerations apply to salts of oxygen acids so far as the disappear- 
ance of the molecule is concerned, but the association of the atoms of the acid 
radical apparently carries over into the crystal. Thus, in calcito, three oxygen 
atoms are grouped around each carbon atom, the distance between C and 0 
centers being 1.28 A. whereas the distance between the centers of the nearest 
Ca and 0 atoms is 2.42 A. 

Diamond and Graphite: With respect to the non-existence of any molecule 
in the ordinary sense, a crystal of diamond is similar to those of salts. Kach 
carbon atom is surrounded by four others which are equidistant from it and 
each of these is in its turn surrounded by four. The structure may in fact 
be thought of as the ultimate in the branching of carbon chains, the crystal 
itself being a sort of giant molecule. The attachment of each carbon atom in 
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diamond to four others of course recalls at once the quadrivalenco of carbon 
in organic compounds. Another structural feature of carbon compounds which 
is discernible in the diamond. lattice is the six-inembcrcd ring. This ring is 
made up of the atoms at the centers of three adjacent faces of the face-centered 
lattice and of three of the four atoms which lie at the centers of the small cubes. 
The atoms are not all in one plane but the para atoms are one below and one. 
above the plane of the other four. The rings arc not isolated but are built 
out, as are those in naphthalene and anthracene, except that they are extended 
in two dimensions instead of one. Thus, each carbon atom occupies the ortho 
position in two rings and the para position in one. The rings occur in planes 
j)erpendicular to the body diagonal of the cubic lattice. 

In graphite, the branched-chain structure (d diamond is lost, but the riiig 
structure remains. In diamond, the nearest atoms in two adjacent plain's 
which contain the rings are l.ol A. apart, which is also the distance a|)art of 
adjacent atoms in the ring. In graphite, tln'sc* jd.'mes havi' been sejiaratc'd 
till the nearest atoms in adjacent planes are .■1.2.1 A. apart (ovi'r twice as great 
a spacing as in diamond) and ailjacent atoms in the ring have been drawn 
slightly together, their dis- 
tance apart being L.'IO A. 

The pianos are n o t oriented 
to one another in quite the 
same way in the two struc- 
tures. The relation betwec'ii 
the two is shown in Fig. <S. 

The wide spacing of t h e 
planes in grapliito h'.-ives ('ach 
atom closely attached to only 
three others. This fact, with 
the existence of the rings, sug- 
gests the planes in grajilute as 
giant molecules of the aro- 
matic series of the type of 

naphthalene and anthracene, lh(' rings li.'iiig e\len<le(| in Iavo oiim'iisions. 
The wTakness of the binding b('tw<'en adjacent planes is emphasized by Urn 
fuel that the familiar cloavatie ef i!raphilc .axurs ahiriK tIaM' planes. 

Organic Cumpoumh: The .\-ray analvMs nf eryetals nf ..r^inic eninponmls 
nlTers coiiaiderahle (liflio.illv l.eeauee nf their Inw .syinmelry ami llie umpieH- 
tioiiable complexity nf the arranRemenls. Snmc iiiterestioK l)e(-mmnK« have 
hcen ma.Ic, however. Time, Sir W. II. IlraisK ■ hie, .leiliiee,! prnhal.le atructurea 
for naphthalene, anthracene ami ennie relate, I .snhstanecH. These are m imree- 
ment with the a.asuniption that the six-im'inliere<l riiiR im it exmts in (liamoml 
and Rraphite i.a al,,» iiresent in lhe.„- Mihelance., as has been assiiined m orRanic 
chemistry. The integrity of the molecule is thus in all probability maintained, 
contrary to the ca-se in crystals of salts. Indeed, it is dilficult to ))clieve that 

* Proc. Phya. Soc. London, 34, (19J1). 
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it could have been otherwise when the almost infinite possibilities of rearrange- 
ment arc taken into account. The fact that optically active substances are 
not racemized on crystallization, when so slight a change would accomplish 
this result if the arrangement were once broken up, is enough to establish this. 

The structure of tartaric acid has also been recently investigated in Bragg’s 
laboratory by Astbury.* Although the X-ray method is not capable of dis- 
tinguishing between the enantiomorphous (mirror image) forms, the existence 
of a spiral arrangement was established. 

Isomorphism: Many groups of substances which are similar in chemical 
constitution exhibit almost complete identity of crystalline form. Such sub- 
stances are said to be isomorphous. Mitscherlich, who first observed the fact 
in connection with the rhombic forms of Na2HP04. 12H2O and Na2HAs04.- 
12 HjO, and who proposed the term Isomorphism, believed that the identity 
of form was complete and assumed that the substances contain the same 
number of atoms arranged in the same fashion. Recent measurements by 
Tutton ^ on the rhombic sulphates and selenates and monoclinic double sul- 
phates and selenates of the alkali metals have shown conclusively that the 
crystals of the members of these isomorphous series are not exactly alike but 
differ slightly in the values of the axial ratios, the variation in the latter and 
in various physical properties revealing a regular progression in passing from 
one member of the series to the next. This is illustrated by the following 
values of the axial ratios of the first series of substances. While the differences 
are slight, they are nevertheless real. 


TABLE II 


Thk Axial Hatiok of tub Ihomoiiimiouh Skuikh 




Salt 


(R = alkali iiietul. Tho crystals uro orthorhoinbio) 

Axial Ratios 


KjSOi . ■ 
Rb*S()4, 
CajS()4 . 
KtSo(l 4 . 
RbjSo04 
C’siSoOi , 


a : b : c 
.0.5727 : 1 : 0.711 H 

0.572:1 : I : 0.74H5 

.0.5712 : 1 : O.?.).'!! 

,0.57;U : 1 : 0.7:110 

,0.5708 : 1 : 0.7.W) 

0.5700 : 1 : 0.7421 


It is in general characteristic of isomorphous substances that when a solution 
containing two such substances is evaporated, the two will crystallize out 
together forming mix-crystals, which are single crystals containing both 
substances. Further, when a crystal of one such substance is placed in a 
super-snturnted solution of another, the second substance will crystallize out 
or overgrow on the first just as it would on a crystal of itself. Molecules of 
such substances are therefore capable of fitting into or onto the crystal lattices 
of one another. These properties had acquired great importance as tests for 
‘ Proc, Roy. Soc., Deoetnbor, 1922. 

* Tutton, Crystalline Structure and Chemical Constitution (MacMillan, 1910). 



THE SOLID STATE OF AGOREGATIOS 


167 


isomorphism prior to the discovery of the X-ray method of analysis of crystal 
structure and had indeed been adopted by many writers as the essential prereq- 
uisites of isomorphous substances. This view has introduced many difficulties, 
liowever, and has tended to complicate the whole subj(‘ct. For example, sodium 
and potassium chlorides crystallize in the same forms and it is now known that 
they have the same crystal structures, yet they do not form mix-crystals. On 
the other hand, mix-crystals of potassium and ammonium chlorides, and of 
potassium and ammonium salts generally, may he obtained, although the 
crystals of these substances are not alike, though both are cubic, and the 
numbers of atoms in the molecule (though not the number of potential ions, 
of course) are different. It is probable that, in order that two substances shall 
form mix-crystals, it is nece.s.sary that the volume and general form of the 
structural units shall not be very different. Other ag(mcies are undoubtedly 
at work, however, since mix-crystals of substance's as different as ammonium 
chloride and ferric chloride can be obtained. 

Another difficulty in the way of the use of mix-crystal formation as a 
criterion of isomorphism is that one of the substances considered may have a 
very low solubility. Tliis difficulty is introduced in the case of sodium nitrate 
and calcium carbonate (in the form of calcite). These' substance's both crystal- 
lize in the trigonal sy.stem, fe)rming rhombedieelra whose axe's are inclineel to 
eene another at almost the same angle's, namely, lOff® IhF feer se)elium nitrate anel 
10r)° o' for calcium carbeenate, anel X-ray examinatie)n has she)wn that the two 
have exactly the same crystal .structure's (see above). Ihe twe) substance's 
are, therefore, i.somori)he)us. lei aelelitie)n, their medecular ve)luine's are ne»t 
very elifferent (in cc. j)e'r gm. me>l., 117.0 for XaXOs anel .Ui.O for ( at t),(). 
Since, he)wever, calcium carbe)nate is practically inseduble, mix-crystals canneet 
be e)btaineel, the)Ugh soeliuin nitrate can be maele te) overgreew on caleute. 

Because mix-crystals e)f se)elium nitrate anel calcium carbemate couhl ned, 
be obtained, even though this was feer the practical re'ason that calcium carbem- 
ate is inse)luble, it has been elenieel that the' twet are' in fact ise)me)rphous. Ihe 
elisinclination to regard the'in as i''e)ine)rphous re'sulte'el freem tlie* fact that their 
structures w'cre different on the edd method of writing formuhe. I.angmuir * 
has eleareel up this and many edher elispute>d case's of isomorphism by showing 
that em the basis of the Lewis theeery i.f valene'e, the two have in fact the same 
structures which are as given be'hiw. 


OlJ> StKI e’TI UKS 

CiUciemi ('iirlxMiatr 


S<«liiiin .NilriiO' 


/ 
c = 
\ 






\ 

('a 

/ 


/ONa 


/ 
N = 


0 

0 


' Langmuir, J. dm. dhtm. .SW., 41, (lUlU). 
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New Structures 

(A pair of nharcd electrons is represented by one bond.) 


0 o’ 

-- 

0 0 

\/ 


\/ 

c 

Ca^^ 

N 

II 


II 

0 


0 


The only difference between the two is that in the first the ions are doubly 
charged and in the second they are sin(i;ly charged. 

Polymorphism : It often happens that a substance can occur in more than 
one crystalline form. When this is the case, the substance is said to be poly- 
morphic. The different polymorphic modifications ordinarily belong to dif- 
ferent crystal systems, though there are exceptions. A familiar example is 
sulphur, wliich has a rhombic modification, stable up to 95.0°, and a monoclinic 
modification, stable between 05.6° and 110.25° (its melting point). 

Polymorpliism results from different space-lattice arrangements of the same 
chemical units, as is attested by the fact that the modifications usually belong 
to different crystal systems. The cry.stal structures have only been worked 
out in a few cases. Thus, carbon occurs as diamond and as graphite, the 
structures of which have already been discussed. Silver iodide occurs in a 
hexagonal and in a cubic form. In the first, it has the ZnO structure and in 
the second, the ZnS structure. Ammonium chloride is an example of a sub- 
stance having two modifications which both crystallize in the same system 
(the cubic). Tlie high tem))erature modification has the sodium chloride 
structure and the low temperature modification has the ca'sium chloride 
structure. 

Polymorphic imxlifications may or may not be interconvertible. When 

they are interconvertible (c.g., Sp,, ^ S,„„nwi)> change is said to been- 
antiotropic. When the chang(^ can only take place in one directit)n, that is, 
when one form is metastable under all conditions investigated, it is said to be 
monotropic, as Diamond ~> (Iraphitc or Aragonite (’alcite. Since such 
forms as diamond and aragonite have remained as such through geologic ages, 
it is evident that the conversion of polymorphic modifications may be exceed- 
ingly slow. This is to be compared to the rapidity with which equilibrium 
is reached in the transition of solid to liquid. Further discussion of solid-solid 
transitions will be found in Chapter IX, “Heterogeneous Equilibrium." 

SoUD-LiquiD Tr.vn.sition 

Tlie melting point of a pure crystalline solid may be definctl as the temper- 
ature at which it is in equilibrium with the corresponding pure liquid. This 
temperature depends upon the pressure on the system, the variation being 
given by the Clapeyron equation. 



THE SOLID STATE OF AGGREGATION 


160 


It is probably safe to say that, as a Rcnoral rule, a crystalline solid under- 
goes spontaneous transformation into the liquid phase when the melting point 
i.s reached; that is, a crystalline solid cannot he superheat('d. Nevertheless, 
it must be stated that, as experimentally determined, melting points sometimes 
appear not to be sharp. This was found to be tin* ease for the ^ilicate minerals, 
(liopsidc, anorthite, and the like, by Day aiid Sosman,‘ and for betol and dex- 
trose by Tammann.* These investigators found that, wlnle melting always 
set in at a definite temperature, it was possible to heat the solid sev(‘ral degrees 
above this point during the process of melting. These results seem to show 
that melting takes place \sith indep(‘ndent finite velocity (‘ven above tin* 
melting point rather than that the rate is (h'pi'fnh'iit solely u|)on the rale (»f 
supply of lieat at the melting point. 

The freezing point of a licpiid is identical with the melting point of tin* 
corresponding solid when the latt(*r is deliiu'd :is the tc'inix'rature at which 
pure solid and liquid are in ecpiilibrium at a gi\en pressure. Tin* freezing 
point of a li(iuid does not mark off the limit of (‘.\istence of tin* licpiid ph!is(*. 
however, for if a liquid is carefully fn*(‘d frorn suspended solid, especially 
l)articles of the corresponding solid i)hase, and i^ protecti'd from vil)rations 
and sudden changes, it may often be cooled many (h'gree" below tin* freezing 
j)()int. Under th(*se cofiditions tin* V(*locity of cry^talhz.ation may lx* negligihly 
small. It is to tliis j)ossibility that glasM's o\\(> their e\i-t('iic('. An e\t(>nded 
study of the velocity of crystallization of snpeicooled Inpinls lias be(*n carried 
out by Tammann.*’ This investigator found that two lactors hav<* to lx* taki'u 
into account: (1) the rate of formation of crystal nuclei and (2) tin* rati* of 
growth of the latter below' tin* melting jxiint. Both rates pass throiigli m.axima 
with diminisliing temperature but tin* maxima (wcur .at ditb'rent p(»ints, With 
piperin, whose melting jxiint is (’ , the rate of form.ation of crystal nuclei 
was greatest at 40° C’. and jiractically in'gligible abovi SO and Ix'low 0 ( . 
The rate of growth of the nuch'i was a inaxiimim at UH) ami negligibly small 
at the melting point. Similar results weie obtained for betol and a numlxa 
of other substances. With many substances, iiow’<'ver, the temjx'iatuies for 
the maximum rates of nucleus formation ami nncleiis giowlh he so close to 
one another and to the melting ixnnt that measurements an* dillicult. For 
such substances practically no suixTcooling is pos.'-ible 

Each polymorphic modification (4 a siib'taiice has ps own jiarticular nn*lting 
point. For exanqile, rhombic sulphur melts at 1 bU while monoclinic sulphur 
melts at 119.2o°. Con.sequently, in giving a melting ixnnt. the jxdymorphie 
modification to which it ref(*rs should also be statc'd. Of two polymorjihic 
modification.s, that which is metastable in the melting point region has tlnr 
lower melting point. 

For further information on s(»lid-li(|uid transitions, ('hai)ter IX on Hetero- 
geneous Equilibrium should be consulted. 

' Z. afioro. Chem., 72, 1 (1921). 

'Z.phy8ik.Chem.,6S,252 (mi)). , , * „ . o . 

»See Taminann, Kristallwieren ntxJ Srlmx-lzon. Uipzig, HKM, J. A. Barth. Seo also 
Chapter XV. 
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The Compressibility and Thermal Expansion of Crystalline Solids 

The P, V, T relations of crystalline solids are complex and, as yet, the 
kinetic-molecular theory of the solid state is only in the preliminary stages of 
development. Part of this complexity arises from the fact that, except in 
the cubic system, the properties of crystals vary when measured in different 
directions through the crystal, that is, crystals are anisotropic. Thus, when a 
crystal of silver iodide is heated, it contracts in one direction while expanding 
in another. 

It is generally assumed that the units of the crystal lattice (atoms or 
molecules) are confined as to motion to vibrations about equilibrium positions 
in the lattice. This equilibrium results from the action of attractive and 
repulsive forces between the constituents of the lattice. There has recently 
been much speculation as to the nature of these forces and of the characteristics 
of the motions of atoms in the lattice, references to wliich will be found in the 
sections on thermodynamics and quantum theory. 

Numerous measurements of the P, V and V , T relations of solids have been 
made. These are usually stated in terms of the coefficients of compressil)ility 
and thermal expansion. The volume coefficients are 



These express the fractional change in volume per unit incn'ase of pressure 
and of temperature. Sometimes the linear coefficients are given instead of 
the above. These refer to the fractional changes in length. For cubic crystals, 
whose properties are the same in three directions— and whif’h are therefore iso- 
tropic— the linear coefficients are very nearly equal to 1/ff of the volume-coeffi- 
cients. 

The coefficients of expansion and compressibility are very small. Thus, 
the coefficients of compressibility for the solid elements vary from 01 X 10“« 
for ca'sium down to 0.10 X 10 * for diamond. These are for pressures ex- 
pressed in megabars ‘ (10® dynes per sq. cm.). Values of the coefficients of 
compressibility and of expansion at 20° (\ for a nundjer of substances are 
given in Table III. There have also been added to the table the melting 
points, molecular volumes and crystal data. 

It may be assumed that the atoms of a solid hold their normal distances 
apart as the result of a balance of attractive and repulsive forces. The attrac- 
tive force gives rise to the cohesion of the .solid. It is clear that thermal ex- 
pansion must take place against this force and will therefore be small when 
the cohesive force is large. (’ompre.ssion, on the other hand, must take place 
against the repulsive forces. Since, however, the two are normally balanced 
against one anotiier, the repulsive force must be large and therefore the com- 
pressibility small, when the cohesive f(»rce is large. The.se two properties 
should therefore vary from one solid to another in the same way and this is 

‘ The laegabar is 1 .33 per cent less than the atmosphere. 
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TABLK III 

Physical Puopekties ok Sulid<» 

/3 = coefficient of compressibility X 10», foi presMire ineaMiroil in inoKal)iirs. 
a = coefficient of thermal expansion, X 10^ 

M.P. = melting point in degrees, absolute. 

V - atomic or molecular volume in cc. 

d = distance between nearest atoms in the cry>(al laltiee, in Ang‘<troins ( = 


Substance 


a 

M.P. 

r 

Space-la ttiee 

Li 

y.u 

19.0 

453 

1:1 1 

B.('.(\ 

B . ... 

o.;i 

— 

2800 

4 7 

-- 

C (diamond) 

0.10 

0 :i 

V<‘ry high 

3.1 

Diain. 

r (graphite) 

3.0 

7.2 

Very high 

5.1 


Na 

iri.t) 

22.0 

:i7i 

2.17 

B.C’.t’. 

Mg 

2.9 

7.H 

927 

13.3 

n.c.p. 

A1 . . . 

1.47 

7.2 

930 

10 1 


Si . . . . 

0.32 

2.3 

1733 

11. 1 

Diani. 

P (red) . . 

o.r)2 


8(>:i 

11.0 


P (white) . . 

20..'') 

.3<).0 

317 

10.0 


S 

12.9 

18.0 

38-1 

15.5 


K 

31.7 

25.0 

.335 

45.5 

11 

('a . . . 

5.7 


1073 

25.3 

K.C.C. 

('r 

0.9 


1823 

7.7 

lt.('.('. 

Mn 



1.533 

7.7 


1 'e 

O.OO 

3.t) 

1790 

7 1 

li.('.(\ 

Ni ... 

0.13 

4 2 

1725 

0.7 


Cu .. 

0.7.> 

5 0 

13.50 

7.1 

F.(’.(’. 

Zn. . . 

1.7 

S 70 

0'.t2 

9.5 

H.('.P. 

As 

4 .’) 

1.0 

1073 

13.3 


Se .... 

12.0 

13 0 

490 

18.5 


Ub .. 

40.0 

:ioc') 

312 

,50 0 

•• 

Mo .... 

0.40 

1.1 

277:1 

11 1 

n.('.('. 

Pd.. 

0.5 1 

3.8 

1822 

9 3 

p 

Ag ... 

1.01 

5.7 

1231 

10 3 

p.('('. 

Cd . . 

2.1 

7.1 

591 

13.0 

ii.t'.p. 

Sn . . 

1.9 

0 7 

.50.5 

10 2 


Sb . .. 

2.1 

3 3 

t»0.1 

17.9 


I.. . 

13 0 

25.0 

3.S0 

2.5.7 


( 's . . 

01.0 

.33C') 

:ioi 

71 0 

— 

Ta 

0..53 

2 3 

3123 

10.9 

B.(’.(\ 

W . 

0 27 

1.1 

.3.3(M) 

0.0 

B.C.C. 

Pt 

o.;iH 

2.7 

2020 

9 1 

F.C.C. 

An 

0.04 

1.3 

1:1:10 

10.2 

K.C.C. 

T1 .. 

2.3 

9 It 

.571 

17.2 


PI).. . . 

2..32 

S 8 

MM) 

182 

F.C.C. 

Bi . 

3.0 

4.0 

543 

21 2 

— 

NaCl . . . 

4.27 

12.1 

1077 

27.1 

NaCl 

NaBr . . 

5.24 


10:11 

:i2.l 

NaCl 

Nal 

7.05 


920 

40.8 

NaCl 

KCl 

5.19 


10<15 

37.0 

NaCl 

KBr 

0..39 

12.0 

1(K)3 

43 4 

NaCl 


em.b 


d 

\M 

1. MI 
:b72 

2. KS 


4 . .00 

2.47 

2.r»i 

2.r,:» 

2.b7 


2.72 
2.S(I 
2 S7 
2.»n 


2.s:f 

2.7:1 

2.7K 

2.HH 

:i.47 

2. HI 
2,9H 
;i.24 
3.13 

3. :j(j 
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TABLE lll—Continued 


SuhHtancft 

0 

a 

M.P. 

V 

Space-lattice 

d 

KI 

S.75 

12.9 

953 

63.1 

NaCl 

3.50 

AgCl 

2M 

13.2 

724 

25.8 

NaCl 

2.78 

AgUr 

2.75 

10.5 

700 

29.0 

NaCl 

2.89 

Agl 

4.09 

— 

— 

41.4 

ZnS 

2.81 

TKM 

4.1 

— 

G99 

34.1 

CsCI 

3. .34 

TlBr 

5.3 

~ 

723 

37.0 

— - 

_ 

Til 

0.9H 

__ 

704 

40.7 

— 

__ 

CaFj 

1.2 

5.7 

1.575 

24.7 

C’aFj 

2. .35 

MgO 

0.70 

2.S 

3(K)0 

11.0 

NaCl 

2.10 

PbS 

1.95 

0.0 

1288 ! 

31.2 

NaCl 

— 


found to be the case. Thus, among the solid elements, the alkali metals arc 
found to have the greatest compressibilities and also the greatest expansion 
coefficients and correspond therefore to minima in the cohesive forces. Two 
other properties, atomic (or molecular) volume and melting points, in all 
probability also bear a relation to the cohesive forci's. A large cohesive force 
should result in a relatively small atomic volume and a high melting point. 
The small atomic volume obviously corresponds to a large attraction between 
the atoms. The melting point represents the limit to which a solid can be 
heated and maintain its form. Rise in temperature corre.sponds to the input 
of energy, some of which, as kinetic energy, works against the coliesive forces. 
If these forces are small, a relatively small input of energy and therefore a 
relatively low temperature is sufficient to overcome them and bring about de- 
struction of the lattice and hence melting. 

Heat Capacities of Cuystallink Solids 

The Law of Dulong and Petit: The atomic heat capacities of a large 
number of crystalline solids when measured in the vicinity of room temper- 
ature approximate to the value C caloric's per degree. In so far as this applies 
to the elements, it is known as the law of Dulong and Petit. This is true of 
the metallic elements and of a number of halides and sulphides, as may be 
seen in the fcdlowing table. The “atomic” heat capacities of comiiounds are 
calculated by dividing the product of specific heat and molecular weight by 
the number of atoms in the molecule. At the end of the table are given values 
for the atomic heat capacities of some of the lighter solid non-metallic elements 
and of solid compounds containing such elements as oxygen and carbon. It 
will be seen that tlicse deviate markedly from the rule. 

The above values are those determined at constant pressure. Lewis has 
shown that the values of the atomic heat capacity at constant volume, calculated 
from the above by the thermodynamic relation 


C, = C, - 0.02423 
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TABLE IV 

Atomic Hkm- CvPAnTiKs vt Room TKMPKRn-uKK 


Elements 

(’onipomids 


.\toini(; Heat 


Al/omie Heat 


('apanty 


rapacity 

Li 

(».f> 

NaCi 

1 1). t 

Na 

(i.‘) 

KCl 

i l).2 

Mk 

(>() 

KI 

; n.s 

A1 

A.S 

\i:ri 

1 a..') 

K 

7.1 

\sd 

r».7 

('ii , . 

(U) 

'IV( *1 


I'O 

no 

PI.S 

.V'l 

(’ll . . 

.'».s 

PI.CI. 

n.’j 

Zn 

r> n 

.sp.S, ! 

r, 7 

Aa . 

n.i 

i 


IM 

I) 1 

Si( ' 1 

;t,2 

'I’c 

a I 

MiiO i 

1 s 

PI) 


( 'ii( 1 j 

>).2 



\ld. 

1 1 

B 

2 s 

Ir.ll, 1 

r, 1 

(’ (diaiiiond) 

t u 

('.iCd, 

i 1 

(' (Kiapliile) 

2 0 

II (■;<») 

a 1 

Si 1 

t .') 



I . 1 

(i'l 




ill wliicli 

V ~ Aloinic \olniiic, 
fi - ( 'oin|)r('^''iliilit \ , 
a = l'A|);m^ioii corlliciciil , 

arc ill somowliat clo.scr aurcciiK'iit (liaii llic cnii'-iMiil prcsMirc vaIll(‘^. I'iicra 
."'till remain niarkial (ii'vialioii". Iio\\e\er 

One reason for tlie jiartial failure of llu' law of Duioinf and IN'Iii lies in llie 
arhilrary elioiee of room temperature a- IIm* temperature of eomparison. In- 
vestigation of tlie elianije of heat capaeitv with temperature lias revc'aled that 
tliis law is siilionlinated to a more pmeral on<‘ winch states that atomic heat 
capacity at constant volume incn'ases with the tmnperatnre to a maximum 
value which is in the neijihhorhood of (i calories per decree for all sul)stances.‘ 
This constant maximum ha> already heeii reached at room temjierature liy 
those sulistance> which obey the law of Dulon^ and I’etit, and their heat 
capacities are nearly mdopeiident of th(‘ teni|)eiature at room temperature. 
The heat capacities of tliose other siihstance.s which deviate from the law are 
still increasinJ^ more or le>^ rapidly with the temiierature ami presumalily will 
reach a maximum at much lusher temjieratures. Thus, for example, the 
‘See, however, Kastman. A\ ilhaiii'! and \ounft, J. Am. Chim. »Soc.,46, 117S, IIM 
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atomic heat capacity of diamond has risen to 6.45 calories per degree at 1169® 
K., from the value of 1.6 calorics per degree at room temperature. 

Heat Capacity and Tem- 
perature : In Fig. 9 are plotted 
values of atomic heat capacity 
against temperature for three 
typical substances. It will be 
seen that for two of these the 
heat capacity approaches a 
value in the neighborhood of 6 
at the higher temperatures. 
As the temperature is lowered, 
a region is encountered in 
which the heat capacity falls 
off rapidly and, in the case of 
at least one substance (dia- 
mond) and probably of many, becomes immeasurably small at temperatures 
considerably above the absolute zero. 

It is apparent that the heat capacity-temperature curves are of the same 
character. Lewis and (libson* have demonstrated tlnit the atomic heat ca- 
pacities at constant volume are expre.s.siblo as functions of the temperature 
for a largo number of substances by the equation 



Fio. 0. Atomic Heats of Lead Aluminum utul 
Diamoiui 



in which F is the same function for all,^ and $ and a ;ire constants chara(!t(*ristic 
of the particular substance. The constant, 6, has the (limensif)ns of temper- 
ature and may be set 
equal to the temperature 
at which Cv = = 2.98 

cals. Substances may be 
divided into two cla.sses 
with respect to the value 
of n. For the elements 
which crystallize in the 
cubic system, and for 
thallium, zinc and solid 
mercury and for the 
alkali halides as far as 
investigated, n is equal 
to unity (Class I). For 
other substances n has 
values less than unity, 



0.4 ^ oa 

nLog% 

Fio. 10. (\—n lojt T,B for G.nphite and Lead Chloride 


‘ J. Am. Chem. &oc.. 39. 2554 (1017). 

* A discussion of the probable form of this function will be found in Chapter XVII. 
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ranging from 0.90 for thallous chloride down to 0.31 for solid benzene 
((’lass II). 

T 

If the above relation is correct, plots of the value of T,, against u log™ for 

6 

(lifTerent substances should lie on the .same curve. Such values have l)een 
plotted in Fig. 10 for graphite and lead chloride of ('la.s.s 11. The values of n 
and 6 for different substances which give the same curve as in Fig. 10 are 
recorded in the following table. 

T.VIU.K V 
Vm.I'K of n AND 0 


Load 

Diamond.. 
I’otiiaaium chloride 

Ciraphitc 

L('ad chloride . , . 


The Mesomohphk' State (Liyrin Cuyst.als) 

The majority of substances may be (d)tained jn one or more crystalline 
l)liases, a liquid phase and a vapor phase only. It app(‘ars, liowever, tlnit a 
restricted group of organic sub.^^tance.s are cajjable of forming yel another phase 
intermediate both as to occurrence :ind as to jiroperties b»*tw('en the crystallim* 
and liquid phases. SuKstance.s m this stale haxe Ixrn termed "li<inid crystals” 
to indicate their transitional character 

It should be understood tliat licpud cr\>tals do not combine the pro|)erties 
of the liquid and crystalline states. If our ideas as to i]m‘ ultimate natures of 
these states are correct, this would be an obvious impossiliility, since in the 
one state the constituent iiarticles an* assumed to be distributed at random 
and in the other state to be arranged in definite space-patterns (if greater (ir 
le.ss symmetry, all obeying the one fundamental law of rational indices. I he 
particles obviously cannot lie at the .same tune both in a random arrangement 
and in a definite geometrical arrangement <»l)eying thex law of rational indices. 
Rather, the properties of liiiuid crystals indicate that thesi* are intermediate 
between the two states in the sense that while th(‘r(‘ may be a primitive ar- 
rangement of molecules in one plane or an.und a common a.xis, this arrange- 
ment is not sufficientlv elalx.rate U> i>erinit obedience to the law of rational 
indices. Since the term ‘•li<|ni(| crystals” may lead to misunderstanding 
of the true nature of substances in this stati* and since it se(‘niingly subordinates 
the state to the liquid and the crystalline, whereas it actually possesses its 
own peculiar characteristics, it has been suggested that this designation l)e 
abandoned and the term ‘•mevomorphic state” substituted. ‘ 

« G. Friedel. Aimalos dc Phy«i(,uo (U). 18. 272-474 (1922). TImk 2()0-|>aKo paper ronUiti* 
the most recent account of the properties (especially the optical proi^ertice) of liquid crystaU. 


>1 

0 

load 

1 

22.0 

i.:ii2 

1 

nil 

2.litU 

1 

.■iti 

l.T.'i 

0 7S‘) 

:i9:i 

2.:)91 

0.79() 

ir).7 

l.litH) 
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Ah an example of a substance yielding a mesomorphic phase, we may take 
cholesteryl benzoate, the first of such substances to be discovered. Cholesteryl 
benzoate, which is a crystalline solid at room temperature, melts sharply at 
145.5° to a cloudy, viscous liquid, the mesomorphic phase. This is stable up 
to 178.5°, at which temperature it undergoes an abrupt transition to a clear 
mobile liquid. The most striking property of the mesomorpliic phase is its 
bi-rcfringence. Hi-rcfringence or double refraction consists in the ability to 
resolve a beam of incident light into two polarized, refracted beams. When 
a bi-refringent substance is examined Ix^tween nicol prisms set at right angles, 
the normally dark field is lightened. That this is not due to optical activity 
of the ordinary kind is shown by the fact that there is no position of the analyz- 
ing prism at which the field becomes dark again, whereas if the prisms are kept 
at right angles and rotated together, extinction does occur. 

Prior to the discovery of li(iuid crystals, bi-refringence had been observed 
in the majority of crystals (all except those of the cubic system) in liquids 
placed in a strong electrostatic or magnetic field, and in Jimorphous solids 
subjected to a mechanical stress. The bi-r(‘fringenco, moreover, had been 
succe.ssfidly ascribed to a lack of .symmetry within the substance such that 
physical properties had different numerical values according as they were 
measured in one or another direction through it. Such substances are said 
to bo anisotropic. Cases, ordinary li(|uids and (o-ystals of the cubic system 
are isotropic, the first two being so because of tlieir complete lack of symmetry 
and the latter because of their very high .symmetry. M('somorphic substances 
arc obviously not crystalline in the ordinary .s(Mise, tior are th(‘y under any 
externally applied stress. To account for their bi-r('fringenc(‘ and therefore 
their anisotropic character, it .seems necessary to assume that the moh'cules of 
such substances are not distributed at random as in an ordinary fluid but in 
some regular manner, however primitive tlu* arraiigeiiK'nt may be when com- 
pared to the arrangement of atoms in crystals. 

This assumption of molecular orientation is further borne out by tlu' inter- 
esting forms which liquid crystals assume. Perhaps the most e.xtraordinary 
of these are the so-called graded dr(q)s {Irs youltcs a yradins). When a small 
mass of ethyl para-azoxybenzoate, for example, is fused on a eandully cleaned 
ghi.ss plate or a freshly-cut cleavage surface »)f mica, it does not wet the surface 
but draws up into a drop whose upi)er surface is smooth and perfectly plane 
and whose edges are graded off into steps. The drop appears to be built up of 
a ])ile of planes which, when the ilrop is touched, glide over one another ea.sily 
and recall the cl(*RVage ])lanes of crystals. It appears ])robable that thc.se 
planes are of molecular dimensions in thickness (about 50 A.). Their edge.s 
are made visible under the microscope by the fact that they are terminated by 
chains of very fine droplets which are bi-refringent. 

Other structures, some of them strongly resembling crystalline forms with 
edges rounded off, are met with when certain of these substances .separate 
from solution. Ammonium oleate yields such forrn.s, resembling double cones, 
when it separates from an alcoholic solution. When either ethyl para-azoxy- 
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benzoate or ammonium oleate is melted on glass so that it wets the surface, 
it may show a fan-like structure or that of a colony of particles of elliptical or 
spherical cross section. 

In another group of mesomorphic sub.stances, (»f which para-nzoxyi)henetol 
is an example, filiform (thread) structure is visil)le. The flireads are variable 
in number, appearing in especially large (piantity when the preparation is 
placed in an electro-static lield, in which they orient themselves along the 
lines of force. 

In all the above examples, evidence of a teiuhnicy to molecular orientation, 
producing a structure of some sort, is apparent. It might therefore bo ex- 
pected that the substances w'ould have some elh'ct on X-rays, such as crystals 
do. Attempts to obtain diffraction effects of this nature* ha\(* so far been un- 
successful; but it should be pointed out that the forms which would seem to 
be most suitable to the test, namely, the graded drops, have not as yet been 
tried. According to the best opinion, the moh'Cid(*s of .substances in the meso- 
morphic state occur in groups having a common axis 

About 250 substances wdiich yield a mesomorphic phase have been prepared 
up to the present. All are organic compounds having a long straight-chain 
which may contain para-sul)s{iiut(‘d rings. l Aample*' of the various types are; 
.\mmonium oleate CnllsaOOONH,, 

Ethyl para-azoxybonzo;iteC 5 ir,CO.(;il('ll( )cilCII('(),r,n,, 

o" 

('holesteryl acetate (nisCOO.Coelfii) 

Para-azoxyplienetol (’..IIi()<^ ^thXll;,. 

O 

For further information on the .subject of liipiid cr>stals, the n‘ader is 
referred to Friedel's paper mentioned abovf* and to “Flus.sige Krystalle” by 
Lehmann (Engelmann, Leipzig, 1004) and “ Kri.stailini.sche Flussigheiten 
und Flusbige Kristalle" by Sdienck (lingi-lmann, Leijizig, 1005). 


7 




CIIAPTKU VI 


THERMOCHEMISTRY 

liY A. L. MAUSllMX. Ph.D.. 


Iiuslruttoi in r/;< I'nnnton rnim.sitij, S. ./. 


Tli(‘ heat ofTccts a(*c()tn[)anyin>j: •‘'HcIi familiar reactions a^ (lie c(iml)ii.'>(inn of 
fuel early attraet(‘<l much attmitioii. lioyle, I-a\oi''ier, Laplace, Duloiiii, Davy 
and Kuinfnrd all concerned lhem>(‘l\ev with therimtchcniical in\e>tij!:ation,s Inii 
tli(‘ir experiments waTe of too roiifih a natnn' to he of much value (piantitatively. 
'Idle heKinniUKs of modern tliermoclu'mi-'ti \ weic jtractically c(mt(‘mporane()Us 
with the doctrine of the con>ervation of (•neru\. 'rhcrmochemi''(ry treats of 
the heat and iiitininl nuiqn rlidiujis accmiipanyiiijr chemical reactions. 

We speak of endothermic and ('xothci mic reaction^, meaniiiff tlio'.e that lake 
place with an absorption or evolution of la'at 

(Quantities of heat are usually ('xpies^cd m tmiis nf llie heat capacitv of 
water for a 1° temix'ratiin' chanjie It is onlv of lal<‘ ,\ears from the work of 
Uowlandsd Criffiths - and ('alleiidar ami Barm's' that it has bi-eii iralized 
that the siiecific heat of watei \ari('il 
with the (('inperature. Hence, the 
calorie is only fully defim'd wlieii tin' 
particular (h’jjn'c of temperature is 
specified throu;^ll which unit mass of 
water is heated. co 20* 40* 60* 60* 100' 

Tttd unit., li.-iv,. I um'. 1 In , ..I 

riK'asiire amounts of heat, tin' l.i cal- 
orie which is e(pial to the amount of ciieru\ lecpiired to rai.se t lie tem|>('niture 
of one fir.im of water from l.)° to ir»° C ami (he mean calorie which is l/lOOtli 
part of the amount of ('iierj^v reipiin'd to rais(‘ om* ^ram of wati'r from (I to 
100° (’. Barnes has shown the latter to lx* larger by 0 017 per cent. The lo® 
calorie is the one most commonly used. 1 he kilojiram calorie is \ ei) fri'ipK'iitly 
employed in exjiressiuff h(*ats of reaction and is etpial to one thousand l.> 
calories. On account of the interrelation between tlie \arioiis forms of enerKy, 
it is quite customary to (Wpre.ss a (pianlit\ of heat in other units besides tlie 
calorie. 

1 cal. = I JS2 X 10' ('rjrs. 

1 cc. atmos. = 0 02t2d cals. 

1 volt coiiloml) - 1 joul(‘ = 10‘ erj?s. 



' PriK. -Iwi. Acnd., Nos. IssU Si. 
'-Phil. TratiJi., 184. Ml (lM):n 
* Pruc, Hoy. Soc., 67, ‘JAS (IIKH)). 
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These constants are those given by Ivcwis* from a critical survey of the 
literature. 

Reactions at Constant Volume and Constant Pressure 

When a chemical reaction takes place without volume change, such as the 
heat of combustion determined in a bomb calorimeter, the increase in the 
internal energy of the system, AU, is called the heat of reaction at constant 
volume. AU for any reaction is defined as the difference between the total 
internal energy of the resultants and the reactants. Under these conditions 
no external work is done by the system during the reactic)!!. 

In most cases, liowever, the reaction is carried out at constant pressure and 
the heat effect measured is slightly diffen'nt from AIL The heat of reaction 
in a constant pressure cjilorimeter will be termed AH and is defined as the 
heat absorbed by the reacting system during tlie reaction. There is a difference 
in usage regarding the algebraic sign of tlui lieat of reaction. When heat is 
evolved by our convention, the sign is negative, whicli corre.sponds to thermo- 
dynamic custom. 

In most reactions involving soIi<l.s or licjuids tlie (liff('rence between AU 
and AH is negligilde, ))ut in cases wIktc gases an' concerned, this is not so, 
Since the heat content of a perfect gas is independent of the pressure, AH — AU 
must be equal to the work done when the reaction takes place at constant 
pressure. If the reaction proceeds with the formation of I mol. of ga,s, work 
has to be done against the external iwcssure; this can usmilly be calculated with 
sufficient accuracy by assuming that the gases obey the law PV = RT. AH 
and All measure the heat absorbed in the reaction from the surroumlings, and 
since, if at constant pre.ssuro a gas is produced, work is done by tlie system on 
the surroundings, an additional quantity of heat equal to the work done must 
therefore be absorbed. 

AH = AU + RT. 

The decrease in energy content of a substance attending any change in state 
is given by tlie difference between the heat ab.sorbed and the work done. In 
general, if An is the number of mols. of gas produced by the reaction less the 
number consumed, then 

AH = AU + AiiRT. (1) 

When the result is expressed in calories, R ~ 1.988."). For 18° C. 

AH = AU + mAn. (2) 

The combustion of benzoic acid takes place in accordance with the equation 
CVIftCOOII + = 7CO; + 311,0 -f 77,214 cals. 

For this reaction n == - i and at 20° C. 

AHiu = - 77,214 - ^ X oS3, 

= - 77, .iO.") cals. 

« J . Am . Chvm . Soc ., 35. 1 (1013). 
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AH is the quantity commonly used in thermochcmical work since it is the 
one most readily measured. It alsf) renders unnecc.'^sar}’ the evaluation of 
volume changes accompanying change of state and, as will be seen later, it 
is a quantity closely related to the change in free energy accompanying a 
reaction. 

Methods of Calouimetuy 

Measurements of the heat effects accompanying chemical reactions are 
made in calorimeters and are determined from the change in temperature of 
the calorimeter and a knowledge of its heat capacity. The acamracy of tlu^ 
determination depends on the degree of precision attainable in these individual 
measurements. 

The apparatus usually consi.sts of the calorimeter proper, in which the 
reaction takes place, surrounded by an outer jacket with an air space between 
the two. The calorimeter is usually made of pure copi)er, nickel plated and 
polished in order to reduce radiation to a minimum. 

Temperature Measurement: Various metluxls are emjdoyed for measuring 
the change in temperature of the calorimeter during the reaiction. The sim])lpst 
is to use an accurately calibrated Beckmann thermometer which can bo read 
with an accuracy of about two parts in a thousand so that for a rise of 2® C. 
the minimum error would be 0.2 j)er cent. For more accurate' we)rk or for 
measuring smaller changes e)f temperature, many observe'rs have used re'- 
sistance thermometers ‘ or multiple junctiem th(rme)-ce)uples.‘ Witli these 
instruments an accuracy ten times that eef the Beckmann thernienneter cjin 
be obtained, but they nece.ssitate exj)en.sive equij)me‘nt anel me)ro labor in 
making observations. 

Thermal Leakage : The great(?st elifficulty encountereel in ])recise cale)ri- 
metric work is elue to thermal leakage. Many inteiesting anel ingenious de- 
vices have been designed to overcome this (lilliculty. The chief error is due 
to the determination of the iolal temperature change brought about by the 
reaction. This is made up of two parts: the actual change observed directly 
and the heat which may leak to or from the calorimeter. As lias been sliown 
in the preceding paragraph, tlie error in measuring the observed change can 
be reduced to a negligible amount. Error in allowing for the thermal leakage 
effect may be due to a number of cau.ses, such as the measurement of the 
thermal head, measurement of the rate of change of temperature, changes in 
the leakage constant of the calorimeter with varying temperature, lags, heat 
of stirring, evaporation, and leakage along metal connections to the calorimeter. 

The interchange of heat between a calorimeter and its surroundings is 
practically proportional to the temperature difference, except for effects due 
to evaporation, convection and radiation. In n well-designed calorimeter 
four fifths of the heat transfer between the calorimeter and jacket is due to 
air conduction and convection, one fifth to radiation and a very small amount 

* Dickinson and Mueller, Dull. Bur. Standarde, 3, 041 (1907). 

* White, J. Am. Chem. Soc., 34. 2292 (1914). 
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to evaporation, Richards and Burgess^ found, with an open calorimeter, 
that when the temperature of the environment was slightly higher than that 
of the calorimeter (0,1°), there was, in 20 minutes, a barely noticeable change 
in the temperature of the calorimeter; but, when it was 0,1° lower, a noticeable 
cooling tofjk place, probably due to distillation of water from the calorimeter 
and its condensation on the walls of the jacket. The evaporation of 10 mg. 
water consumes 0 cals., so that, in a determination involving 1000 cals., this 
introduces a variation of 0,6 per cent. Observations with an open calorimeter 
show that a rate of evaporation of 10 mg. per minute is not unusual and this 
involves a heat loss which is very uncertain. In all precision work the calo- 
rimeter should be closed with a close-fitting thin metal cover to check evapora- 
tion. The outside of the calorimeter v(^ssel should be carefully dried and 
precautions taken against moisture absorbed on the outer surface. 

There are two distinct methods employed in calorimetry for successfully 
eontrollitig thermal leakage: the one consists in keeping the temperature of 
the outer jacket constant, and the other or adiabatic method * in keeping the 
environment at every instant at the same tem})erature as the calorimeter. 
This is done either by electrically heating the outer jacket or by using the 
heat developed by some chemical reaction such as neutralization. The adi- 
abatic method does not diminish error simidy by reducing the magnitude of 
the thermal leakage loss. It does however permit the use of a large air gap if 
the calorimeter is closed, with a consequent reduction in the leakage constant 
of the calorimeter. With rapid changes of temperature, the use of a wide 
air gap may give rise to convection currents, since the tem])erature of the 
jacket always lags behind that of the calorimeter, due to a lag in the ther- 
mometer itself and to experimental dilficulties. The adiabatic method ® is 
quite often more convenient for practical use. Automatic devices have been 
developed for controlling the jacket temperature and keeping conditions adi- 
abatic.^ The dilT(ircntial liydrogen thermometcu* of Osgood regulated the 
temperature of the environment within 0.()()H° of that of the calorimeter. 

In a calorimeter with a constant temperature environment, the width of 
the air space between the calorimeter and jacket is important. Too small an 
air gap means an insufficient amount of insulation around the calorimeter. 
The increase of insulation due to widening the gap may be considerable at 
first but soon reaches a maximum point beyond which the leakage rate in- 
creases due to the effect of convection currents. The problem of securing a 
constant ratio of thermal leakage to temperature is, practically, the problem 
of diminishing convection. The optimum widtli, according to White, ^ lies 
between 10 and 17 mm. With large calorimeters, where the temperature 

» J. Am. Vhem. Sac., 32, 4:n (11)10). 

Mlioluirds, Heiidorson, Frevert, Z. physik. Chem., 59, 532 (1907). 

* For a discussion of adiabatic calorimetry sec White, J. Am. Chem. Soc., 40 , 387, 1890 
(1918). 

♦Richards and Davis, J. Am. Chem. Soc., 39, 344 (1917), Richards and Osgood, ibid., 
37, 1718 (1916). 

» J. Am. Chan. Soc., 40 , 379 (1918). 
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change is less, wider gaps may be used. The supports between the calorimeter 
and the jacket should be metallic * and the contact with the calorimeter as 
small as possible. 

Dickinson made a comparison between the two methods by determining 
the heat capacity of a calorimeter and his results agreed within one part in 
fifteen thousand. 

Calculating Thermal Leakage Effects: For the simpler methods of calorim- 
etry, where the greatest precision is not desired, the graphic method of Jaeger 
and Steinwehr * is very useful in calculating thermal leakage elTects. 

The temperature of the calorimeter is noted at r(‘gular (30 sec.) intervals 
for a period of time before the reaction is started and the change should be 
directly proportional to the time. At a definite moment, at whicli the temi)er- 
aturc prevailing can he readily calculated, the reaction is started, temperature 
readings still being taken as i)reviously. The temi)eratiire changes at first 
rapidly, then more slowly, and finally a time is reached where the change is 
once more proportional to the time, liy applying Xewton’s Law of ( ooling, 
which states that th(‘ thermal haikage is proportional to the ditTerence. in 
temi)erature between the calorinuder and its eiivironiiKMit, the maximum 
temperature which the calorinuder woidd have attained without thermal 
leakage can easily be calculated. 

The observed calorimeter temi)eratures T are plottcal as a function of 
time /. If 7’o is the temi)erature of the environmeut and K the* leakag(‘ modulus 
or cooling constant for the calorimeter, then, from Newton s Law of Cooling, 

- K{r - r„). (3) 

(II 

K is the temperature change of the cal- 
orimeter in unit tim(‘ when the difTer- 
ence in temperature of the calorimeter 
and environment is 1° ('. K can la; 
calculated from the observations made 
before or after the reaction takes |)lace. 

Newton’s law only holds accurately 
for small temperature dilTcrences and 
therefore the smaller {T — To) is, the 
more accurately the cooling correction 

can be estimated. If --- = v, then, 

(it 

for the period before the reaction 
started, 

r, = - K{T, - To) (4) 

' See Dickinson, Bull. Bur. Standards, 11, 210 (1914). 

*/lnn. Physik, 21, 23 (1900). 
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and, for the period after the reaction, 

t'i = - KiT, - To); 


hence 


A' 


1 

T, - I\ 


(v-i - Vi), 


(5) 

(6) 


K K 


(7) 


The correction to tlie observed temperature difference, which has the opposite 
sign to the heat absorbed or given out by the calorimeter betweeh the times 
ti and I 2 , is given by the ecpiation 

r = A r*(7’- To)dL (8) 


If the temperature T is plotted against time t in Fig. 3, then 



( 0 ) 


is the difference of the areas A i and A 2 above and below To. The times h and 
h can be chosen at any optional points in the periods before and after the 
reaction. To the difference T = T2 — T\ where Ti and T\ correspond to 
the times <2 and h must be added the quantity T'. 

The following example will illustrate the method. 


Period before lleuctioii 


Time 


Temp. 




Tinm 


0 

1 

2 

.'1 

4 

5 
ft 

7 

8 
9 


18.042® 

.067 

.073 


.102 

.118 

.131 

.145 

.100 

.173 


+ 0.016 
.010 
.015 
.014 
.010 
.013 
.014 
.016 
.013 


10 

11 

12 

13 

14 

15 
10 

17 

18 
19 


Ueaetion Period 


Period after Reaction 


Temp. 


AT 


Time 


Temp. 


AT 


19.8® 

21.0 

21.7 

21.9 

22.01 

22.04 

22.04 

22.018 

21.996 


+ 1.2 


0.2 
0.1 
0.03 
+ 0.00 
- 0.02 
- 0.022 
- 0.020 


20 

21 

22 

23 

24 

25 
20 

27 

28 
29 


21.970® 

.943 

.917 

.891 


.839 

.812 

.780 


.735 


- 0.027 
.020 
.020 
.020 
.020 
.027 
.020 
.020 
.025 


The mean thermal leak for the Oret 9 mins, is 

18.173 ~ 18.042 
9 


0.0146® per min. 




THERMOCHEMISTRY 


1S5 


Th© temperature at the beginning of the 11th min., when the reaction started, is best calcu- 
lated by extrapolating each observed temperature to the beginning of the 11th min. and 
taking the average. 

n + lOr, + • • • + r. + r, 

= 18.1S9“, 

where the subscripts to the Ts refer to the times when readings are made. The thermal 
leak VI corresponds to a mean temperature of 

18.173° + 18.042° 

= 18.107° = Tu 

At the end of the 19th min. the thermal leak is again practically constant and for the last 
21.710° - 21.970° , . 

ten minutes amounts to — = - 0.0200° per minute =• n, which in turn 

corresponds to a mean temperature of Tz = 21.810°. By e<iuation (6) K “ 0.0109 and 
from equation (7) To = 19.45°. For any temperature T the thermal leak is, accordingly, 
{T — 19.45°) X 0.0109 degree per min. If the mean temperature for each minute is calcu- 
lated, the thermal leak for that minute can lie determined, and, by .summing these terms, 
the equation for T' can be integrated. 


Time 


Mean 'I’emp. 

Thcrmiil Leak 

11th min 


19.0 ° 

- 0.15 X 0.0109 

12 “ 


20 4 

f 1.0 

13 . 


21.1 

+ 20 

14 “ . . 


21 8 

+ 24 

15 "... 


21.95 

+ 2.50 

10 "... . 

V 

. 22 02 

+ 2..57 

17 " 

22.04 

+ 2 59 

18 


22 03 

+ 2.58 

19 


22 01 

+ 2..50 

20 


21.98 

4- 2 5.3 


T “ -f 20.3 X 0.0109 = 0.221. 

Without thermal leak, the final temperature would h:ue been 21970 4- 0.221 * 22.191° 
and the temperature rise corresponding to tin' rea«-tion would ha\e been 22.191° — 18.189 
= 4.002°. 

T' can also be obtained by determining the area of the figure .4 li('I) in I'ig. 2, subtracting 
from it the area of the rectangle (7'o — — <i) and nudtiplying this result by K. I ho 

approximate arithmetic method of integratK)n emplo.\ed in the calculation is however exact 
enough for the punjose. 

Stirring: The satisfactory .stirring of (lie cu!(»rim('tcr liquid is very im- 
portant and has been neglected by many investigators. 1 he stirrer should 
be 80 designed that, when working efficiently, it does not cause a change in 
temperature exceeding 0.001° per minute. Richards and Rurgess ^ adopt a 
reciprocating stirrer made of two platinum rings, 2 cm. wide and perforated 
with holes; platinum rods supported these and were fastened to glass tubes. 
It was necessary to work this stirrer CO times per minute to obtain adequate 
stirring. Dickinson » found a screw propeller better than the reciprocating 

I J. Am. Chem. Soc., 32 . 431 (1910). 

Bull. Bur. Standards, 11 , 210 (1914). 
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stirrer. With the latter, temperature differences of 0.5® were observed during 
the first minute after the heating current was turned off and these only reduced 
to O.OOr after 7 to 10 mins. The former showed 0.07° differences after the 
first minute, and these reduced to 0.001® in five minutes. Macinnes and 



Fi«. 3. Combustion BomI> 


Braham,^ using an adiabatic 
arrangement, found that, if the 
temperature of the outer jacket 
were kept 0.15® below that of the 
calorimeter, there was no correction 
due to stirring. 

Heat Capacity of the Calori- 
meter: This corresponds to the 
amount of energy that is necessary 
to raise the temperature of the cal- 
orimeter r C. It is best measured 
by dissipating a known amount of 
electrical energy in the calorimeter 
and noting the rise in temperature. 
This method is due to Jaeger and 
Steinwehr.2 

The Combustion Bomb; The 

bomb calorimeter was developed by 
Berthelot® to measure the heats 
of combustion of organic com- 
pounds. Atwater and Snell * have 
modified Bcrthelot’s bomb in some 
respects, using a gold-plated copper 
lining in place of platinum. The 
bomb itself is nuidc of gun metal 
steel, the cover is heavily threaded 
and screws down on to a lead 
washer. The material is suspended 
in a platinum dish in the bomb and 
oxygen is admitted to a pressure of 
about 25 atmospheres. Ignition is 
brought a b o u t by m cans of a 
weighed piece of iron wire which 
is heated electrically. Before igni- 


tion of the substance under investigation, the bomb is placed in a calorimeter 


and the heat evolved is measured in the usual way. 

Richards ® claimed that the lead washer was oxidized during the reaction 


‘ J, Am. Ckrm. Soc., 39, 2110 (1917). 

* Verh. dntl. phya. Oca., 5, 50 (190,3). Z. phystk. Chnn., 53, 15,1 (1905). 

* /Inn. chini. phya., (5) 23, 160 (1H81); (6) 10, 433 (18^7). 

< J. Am. Chem. Soc., 35, 659 (1903). 

* Z. pkyaik. Chan., 59. 535 (1907). 
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and he covered it with gold foil to prevent this. By immersing the bomb in 
an adiabatic calorimeter, results were oJ)tained on the combustion of cane 
sugar with an accuracy of 0.1 per cent. It was necessary to correct for the 
electrical energy used to heat tlic wire, the combustion of the iron, and the 
nitric acid formed by the oxidation of some of the nitrogen contained in the 
bomb. In a typical measurement, the total rise amounted to l.COr)®, the 
correction for the burnt iron to - 0.015° and for the nitric acid to - 0.003°. 
When liquids are to be u.sed, they are enclosed in glu.ss or collodion bulbs and 
a known amount of sugar is added, which, on ignition, breaks the bulb, vola- 
tilizes the liquid and maintains sufficient heat for complete combustion. 


Dickinson ‘ gives a critical .stud} 
constant temperature jacket and a 
platinum resistance thermometer. 
He includes a complete bibliography 
on heats of combustion and general 
calorimetry. Robertson and Garner * 
have developed a calorimeter-f o r 
determining the heat produced wIkmi 
high explosives are detonated, in, 
order to obtain a measure of the 
energy developed and also to inves- 
tigate the nature of the gases evolved. 
The bomb was made from vanadium 
steel and the walls and bottom w(>re 
lined with steel to prevent damage (o 
the bomb from flying fragments. To 
avoid loss of gas at the instant of 
explosion the thread f)f the stead ))lug 
was filled with a mixture of litharg(‘ 
and glycerine. The high explosive'^ 
and detonator were contaiiUMl in a 
steel cylinder suspended in the mid- 
dle of the bomb. 

Electrical Calorimeter: A very 
convenient form of calorimeter for 
many purposes was uscel by U. 
Fischer ^ in his work on .silver ioelide*. 
It consists of a large well-evacuated 
Dewar vessel (A) having an easily 
removable wooden cover (R) carrying 
a stirrer {€), Beckmann thermometer 
and electrical heating coil (D). 3 he 

heat capacity of the calorimeter can 

* Loc. cii. 

* Proc. Roy, Soc., 103A, 539 (1923). 

* Z. anorg. Chem., 78. 57 (1912). 


of combustion calorimetry, using a 
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be determined by supplying, electrically, the same amount of heat as that 
generated by the reaction and over a similar period of time as that taken by 
the experiment, so that errors due to thermal leakage are similar to those 
occurring during the reaction. If a current of i amps, is passed for t seconds, 
and the resistance of the heater is r, and the rise in temperature produced is T’, 

and if the reaction studied causes a rise of T^, then 7 , the heat evolved by the 

reaction, is given by the expression 

q = %‘-r-lX 0.2394^ • 

Tx 

The advantages of this method are 
great in work which does not require 
the highest precision; the diminution 
in thermal leakage with less care 
exercised as to thermal head is a 
great gain. Free evaporation is 
always a factor in a calorimeter of 
this type. 

Ice Calorimeter: Bunsen ' was the 
first to use the decrease in volume 
when ice melts in order to measure 
heats of reaction, and, since his time, 
it has been used by a number of work- 
ers. Fig. 5 is the diagram of appa- 
ratus used by Marshall and Keyes ® in 
work on the heat of adsorption of 
oxygen on charcoal. The entire cal- 
orimeter was contained in a support 
sli<ling on two vertical steel rods, 
and could be clamped in position at 
any height. This was necessary 
as the quartz tube containing 
the charcoal was fixed in position, 
'rhe calorimet('r proper was contaiin'd in a Dewar flask B, and was suspended 
l)y means of a collar and bracket at fitting the top of the inner tube and the 
top of the Djewar flask. The ice calorimeter, which was of the ordinary type, 
although made of pyrex glass, was surrounded by a glass tube D closed at the 
upper end by a rubber stopper, and open at the lower end. By blowing on 
the small tube E, the water could be forced out of the glass mantle, and the 
calorimeter surrounded by a jacket of air. This device is due to Boys,’ and 
was quite effective in cutting down the natural leak of the apparatus. The 
capillary tube on which the volume changes were measured was broken by a 

» Pom- Ann., 141, 1 (1870). 

* Private ooramunioation. 

» Pha. Mag., (6) 24. 214 (1887). 
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ground joint at F and G. The horizontal tube was so arranged that the parts 
of the joint just came together when the calorimeter was raised in position. 
No lubricant was used on this joint. A small mercury reservoir at H enabled 
adjustment to be made of the preliminary position of the mercury column. 
Ice of good quality was used in the apparatus, and was ground to the con- 
sistency of snow in an ice shaver. This ice was then packed carefully between 
the Dewar flask and the Boys mantle. The packing had to be carefully done, 
otherwise, the ice calorimeter would not give a constant leak for any gr(*at 
length of time. The ice mantle was formed on the walls of the inner tube by 
partly filling the inner tube with mercury, and immersing in the mercury a 
glass tube containing a small amount of liquid ammonia. By k('oping the 
mercury moving up and down by means of this inner ammonia tube, a very 
even mantle could be obtained. The ammonia gas was prevented from coming 
in contact with ice in the Dewar flask by leading it away tlirough a stopper and 
a long rubber tube. With this apparatus a natural leak of .02 to .04 cm. on 
the scale per 5 mins, was obtained. This leak was dependent upon the purity 
of the ice used, and the difference in level between the l)oriz(mtal capillary 
and the mercury level in the body of the calorimeter. Tliese two effects 
operated in opposite directions, so that, by adjusting either, a point could be 
reached where no leak was noticeable. It w'as found that new additions of 
gas could be made about every hour, this being the time necessary to attain 
equilibrium. The amounts of heat measured eacii time were of tin; order of 
0.5 to 2 small calories. After .some 5 hours, the leak increased rai)idly, with 
the result that only about 5 accurate readings couhl be obtained per run. 

The great advantage of the ice calorimeter is that it can be used to mea.sure 
very alow reactions wdth the same accuracy as that obtained in other methods 
of calorimetry. It is also suited for reactions wh(*re a very small amount of 
heat is evolved. It has been so used by Ramsay and Shields ‘ and, quite 
recently, by Foresti,^ in the measurement of heats of ad8ori)tion. 

A typical measurement by R;uns;iy and ShieldK will illustrate the method of working, 
lu their capillary, 1 rnrn. corresponded to 0 105.1 cal. In .an experiment, U.744 (?. Pt black 
absorbed 7.38 cc. hydroKcn, the mercury column bcimr displaced 43.0 mm. to the left corre- 
sponding to 4.591 cals, evolved or 13,930 cals, per mol. of hjdnigen absorbed. 

An accuracy of at least 1 per cent obtaiiie.l with this method. Some workera have 
preferred weighing the mercury rather than measuring the distance it moves along the 
capillary. It ha.s however liecn found difficult to obtain reprodueible results, as the mercury 
column does not always break olT at the same point when the weighing Inittle is rernoveil. 
It is also a very tedious method. The chief objection to the eapill.iry tulxi method is the 
probability of error through “sticking.” If the tube is clean and is tapiied carefully before 
reading, very little error can be detected. 

One of the chief objections to the use of the ice calorimeter for work of 
precision Is that the density of ice Is not constant. Nichols^ gives 0.91016 
± 0.00009 for the density of ice while Vinctmt * give.s 0.9160. U‘duc,^ taking 

• Z. phyatk. Chem., 25, 657 (IS9S) 

*Ga«. chem Hal., 53, 487 (192.3). 

* Phya. Rev., 8. 29 (1899). 

*Phya. Rev., 15 , 29 (1902). 

*C(mpi. rend., 142 , 149 (1906). 
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extreme precautions to get rid of all traces of dissolved air, found a value of 
0.9176. He considered that water which had been boiled still contained 1 cc. 
of gas dissolved per liter at atmospheric pressure. 

Continuous Flow Calorimeters: The continuous flow principle of calo- 
rimetry which was developed by Callcndar and Barnes ^ for measuring speeific 
heat has been more recently used by Keyes ^ for determining heats of neutraliza- 
tion. It can be adapted to any temperature at which thermostats can be 
successfully operated and an accuracy of 0.1 per cent can be attained. The 
two liquids which react arc led into the mixing calorimeter through coils of 
silver tubes immersed in a thermostat controlled to 0.001°. The rates of 



Fio. 0. (’ontitnious Flow Calorimeter 


flow are adjusted to give exact neutrality. The liquids cuter the calorimeter 
at A and are cortjpletely mixed by the baffles C and E and then pass over the 
thermometer F. The calorimeter is vacuum jacketed and the hejit loss varies 
from 2-6 per cent, do])ending on the rate of flow. By assuming Newton's Law 
of Cooling the heat loss can be calcidated, and, from a knowledge of the specific 
heat of the salt solution, a calculation can be made for the heat of neutralization. 

Barry has made a very exhaustive study of a method for determining the 
heat evolved by a very slow reaction such as the inversion of sugar. The 
adiabatic calorimeter developed has a gain or loss of half a gram-calorie in 
10 hours. 


Law of Constant He.vt Summation 

All the calculations made in thermochemical work are based on the law of 
the conservation of energy. Any system in a given condition has a definite 
heat content // determined by the state of the system, and the change in heat 
content All due to any change in state depends solely on the initial and final 
states. AH is the quantity which is determined in the ordinary constant 
pressure calorimeter and is called the had of mictmi. Hess ^ pointed out that 
the heat evolved in a chemical reaction is iudepeiident of the method by which 
the reaction is made to take place. This principle is known as Hess’ Law of 
Constant Heat Summation and is readily seen to be a corollary of the law of 
conservation of energy; Hess, however, did his work at a time wlicn the first 
law was not generally accepted. It is very useful in calculating heat effects 
attending chemical changes that are not subject to our methods of calorimetry. 

‘ Trans, Roy. Soc. (Lond.), 199A, 55 (UM)2). 

* Keyes. Gilloapio and Mitsukuri, J. /Iw. Chem. Soc., 44, 709 (1922). 

* J. Am. Chvm. Soc,., 42. 1295, 19U (1920); 44. S99 (1922). 

*Poao. ^nn.. 50, 385 (1840). 
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Thcrmochemical Equations: In order to express changes in heat content of 
a system due to physical or chemical change at constant temperature and 
pressure, chemical equations are employed in which the chemical symbols 
denote the stoichiometrical amounts of the substances involved and also the 
respective heat contents of these substances. 

H 2 (g) + I 2 (s) = 2HI ig); AH = 12/200 cals. 

Here 

AH = H2J11 (1;) ~ (IIiii ((/) d" (*))• 

The state of aggregation is designated in a thernioeheinieal ecpiation by attach- 
ing to the formula the letters (.s), ( 0 i nr (i/)- II one of the reactants is dis- 
solved in water, this fact is shown by giving the number of niols. of water ])<‘r 
mol. of reactant. If sufficient water is pre.sent so that further addition pro- 
duces no appreciable heat effect, the symbol (a(i) is written in the equation 

NHj (aq) -f HCI (aq) = NII 4 CI (aq), All = - 12,300 cals. 

Thermochemical equations may be treated algebraically and added to or sub- 
tracted from one another. 

C 0 II 4 (^) + 30.. ig) = 2 CO 2 ig) + 2II..() (/); AH = - 342,000 cals, (u) 

2C (Oraphite) 20. (g) = 2Vi), {g); AH = - 1SS,00() cals, (b) 

2 H 2 (g) + O 2 ig) = 211.0 (/); AH = - 130,000 cals, (c) 

Adding ( 6 ) and (c) and subtracting (a), we have 

2C (Graphite) + 2 H 2 (g) = C 2 H, ig); AH = 18,000 cals. 

or alternatively 

C 2 H 4 ig) = 2C (Graphite) + 2 H 2 (g); AH = - 18,000 cals. 

When 24 g. of graphite react with 4 g. of livdrogcm to form 28 g. of ethylene 
gas, 18,000 cals, of heat energy are ab.sorlx'd. 

By this method, AH may be calculate(l for react itms when* it is impracticable 
to milke ti direct nicasurenKOit, The results olitaiiied when a eon.siderablD 
miinber of reactions are eoinbiiied do no! [uissess a hinh deKree of aeciirncy, 
since the absolute error of the final residt is the sum of the absolute errors of 

all the determinations considered and Kiv<' a very hi({h percentage error. 

Heats of Formation: The absolute heat content <if any element is unknown 
and in thermochemical work we deal only with differences; yet it is convenient, 
for purposes of tabulation, to adopt a standard reference .state tor each element 
so that values can be assigned for the heat content of compounds. The heat 
content has been taken ns zero for all elements in the form stable at room 
temperature. We then speak of the MI of a substance, meaiung the increase 
in heat content when that sutetance is formed from its elements m their 
standard slate. For CjII., MI = 18,000 cals. 
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From a tabic of heat contents, the heat change in any chemical reaction 
can be calculated by subtracting the sum of the heat contents of the resultants 
from that for the reactants. 

The following example will show the application of the principles discussed 
above: To find the heat of formation of sulphuric acid from its elements. 


SOj (g) -f aq = SOo aq; AH 

H 2 SO 4 (/) + aq = IUSO 4 aq; AH 

iH 2 (g)-hiCh( 0 ) = HCl(g); AH 

HCl (g) + aq = llCl aq; AH 

8 W + 02(^) = S()2 W; AH 

H 2 (ff)+iO 2 ( 0 ) = H 2 ()(O; AH 

CI 2 {g) +SO 2 aq +21120 (1) = H 2 SO 4 aq +2HC1 aq; AH 
From (c) and (d), A/fHciaq = “ 39,300 cals. 

From (a) and (e), AH^^ aq - 78,200 cals. 

From (/), (g), (h) and (i), AffHj 804 aq = - 210,300 cals. 
From ( 6 ) and (k), Ai/H, 804 «) = “ 192,300 cals. 


8,000 

cals. 

(«) 

18,000 

cals. 

(6) 

22,000 

cals. 

(.0 

17,300 

cals. 

(d) 

70,200 

cals. 

ie) 

68,400 

cals. 

if) 

73,900 

cals. 

ig) 



(A) 



(t) 



ik) 


Thus, by the use of Hess’s law, we have found the heat of formation of 98 g. 
sulphuric acid from 2 g. hydrogen, 32 g. sulphur and 64 g. oxygen to be AH 
= - 192,300 cals. The numerical values of heats of formation are those which 
will be found listed in tables of physical and chemical constants. 

The following table will give the heats of formation of some typical in- 
organic compounds. 

TABLE I 

Heats of Formation of Typical Compounds 


Reaction A// at T =* 288° K. 

^H, (g) + ICI, io) - HCl io) - 22.000 

iHi (ff) + IBrj (/) « HBr (y) - 8,440 

iH, (y) + ill («) - HI(y) 6,400 

iHi (y) + iF, (y) « HF (y) • . - 38.500 

Hj 4- S (rhombic) » HiS (y) - 2,730 

iN, (y) Alihio) -NH,(y) - 11,890 

Si (a) + 2Ht (y) - mu (y) 6,700 

iN, (y) + 30, (y) + ill, (y) - UNO, (1) - 41,600 

Na (a) + 111 («) “ Nal («) - 69,080 

2Na (a) + C (a) + ^0, (y) - Na,COi (a) -270,800 

K (a) + ill (a) - KI(a) - 80,130 

Ca (a) + If (a) - Call (a) -141,300 

Ag (a) -b iF, (y) - AgF (a) - 23,200 

Ag (a) + iCli (y) - AgCl (a) - 29.940 

Ag (a) -I- iBn (0 - AgBr (a) - 23,900 

Ag (a) + ill (a) » Agl (a) - 15.000 

Pb (a) + Cli (y) - PbCli (a) - 83.900 

Pb (a) + Bn (i) - PbBn (a) - 64,450 

Pb (a) + Ii (a) - Pbli (a) - 41,850 


Variation of Heat of Reaction with Temperature: Each heat of reaction is 
given for a definite temperature but this does not mean that the temperature 
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has been constant throughout the reaction. In a combustion bomb the 
temperature may be very high at the moment of tlie combustion but the final 
temperature is only a few degrees different from the initial temperature. All 
we are concerned with is the initial and final state. For the applications of 
Hess’s law, it is necessary for all the heats of reaction concerned to be calculated 
for a single temperature. Most of the calorimetric data in the literature are 
for a temperature of about 18° C. It is frequently required to know the heat 
of some particular reaction at another teinperatufc and this can be readily 
calculated from a knowledge of the specific heats of the resultants and reactants 
of the reaction. Let A//i be the heat of reaction at temperature Ti and AHz 
at Ti. Let us consider the following cyclical process: the reaction is carried 
out at Ti with an absorption of heat A//| and the resultants of the reaction are 
heated to Ti whereby an amount of heat (7b - Ti)('” is absorbed, where C" 
is the mean molal heat capacity of the resultants bc'tween 7b and Ti; again, 
lot us heat the reactants from 7b to Tt with an absorption of heat {Ti - 7b) C', 
where C' is the mean molal heat capacity of the reactants, and tlum carry out 
the reaction at Ti with an absorption of heat A//j. Then, by the First Law of 
Thermodynamics, 

A//2 + C'iTi - 7b) = A//, + C’"(7b - 7b), (10) 


Mh - A//, _ , 

■ _ T, 


( 11 ) 


When the difference between Ti and 7b becomes infinitesimal, this reduces to 

where ACp is the sum of the heat capacities of the resultants less that for the 
reactants or the total increase in heat capacity from the reaction. 1 his equa- 
tion was first deduced by Kirchoff.’ The molal heat capacity of a substance 
is defined as 



If it can be regarded as constant, we may define as the lieat required to 
raise one mol. of the substance one degree. If we have a curve plotting // 
against T for a substance, the tangent at any point will give the molal heat 
capacity for that particular tcmj)eraturc. Over a small range of temperature 
around room temperature C'p can be regarded as constant and 

Mli - MI, = Cp{Ti - T,). 

For the reaction, 

2Hi io) +0* (g) = 2HiO ig), AHiri® * - 116.116 cals. 

• Ann. Phytik, (2) 103, 177 (185H). 


( 13 ) 
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The molal heat capacities are as follows: 


H,; 

Cp = 6.818, 

Oi; 

Cp - 6,960, 

H,0; 

Cp =» 9.000. 


Hence, ACp = 

hence 


2,590. For the interval 100® C. to 130° C., 

AH 4 ai° - - - 2.590 X 30 = - 77.88 cals.; 

= - 110,193 cals. 


When wc are dealing with rapid variatioas in heat capacity or large temper- 
ature rangcH, an empirical equation can be set up to express the variation of 
heat capacity with temperature. 

Cp=a + 6!r + cT2 + “*, (14) 


where the number of terms will depend on the temperature range and the 
accuracy of the data. In dealing with a chemical reaction for each of whose 
members a heat capacity equation has been determined over a range of temper- 
ature, 

ACp= ao + hoT + cJ^-^^--, (15) 


where Qq is the algebraic sum of all the a’s, 6o of all the 5’s and so on. By the 
use of this equation we arc now in a position to integrate equation (12). 

AH = AHo + aoT + IKT^ + WP + • • • , (10) 


where AHo is an integration constant and can be calculated from a single 
experiment. 

Let us illustrate the usefulness of this method by calculating AHij7j° for the reaction 
lU (Cf) + JO, {g) = H,0 iu) 

from the following data: 

(a) 111 io) + jOi (g) = ILO (f); MIm = - 08,400 cals. 

(5) lIjO (0 = HjO (ff); A//j 73 = 9070 cals. 

The inolal heat capacities at constant pressure of the gases involved are given by the equations: 

Oiig); Cp « 0.09 -H 0,00077’. 

Cp = 0.54 + 0.00077’, 

HiO (g ) : Cp - 8.81 - 0.00197’ + 0.000002227’*. 

For the reaction, HiO (/) «• H»0 (a), 


and 


ACp - 9.19 - 0.00197’ + 0.00000222r* 

AH - A//u - 9.19r - 0.000957’* + 0.000000747’*. 


Whence, at 100° C., 9070 - AHo - 3428 - 1.32 + 38; hence 


(c) AH - 13,192 - 9.197’ - 0.000957’* + 0.00000074P. 

(d) A//,«° - 10,439. 
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Xow, summing (a) and (d), 

Hi (o) + ^Oi ig) = HiO ig), Mhn = - 67,9G1, 


ivtid 

!ind 


ACp = - 1.08 - 0.00297’ + 0.000002227’*, 


AH = - 57,539 - 1.08T - 0.00115T* + 0AXKKHW4T*; 


hence 


AHii7s° = - 59,738 cals. 


Latent Heat 

The heat of fusion of solids, the heat of vaporization of liquids, and the heat 
of transition of one modification of a solid to another (such as red to yellow 
phosphorus) are important quantities that are frequently used in calculating 
heats of reaction and entropy values for pure substances. In nearly every 
case the transition of the form stable at the lower temi)erature into that stable 
at the higher temperature is accompanied by an absorption of heat. 

Methods for Determining Latent Heat: A calorimeter of the unstirred 
type developed in Nernst^s laboratory, which depends for its succ(*ss on the 
rapid equalization of temperature throughout the caloriimder by means of 
conduction, has been designed at the Bureau of Standards > in connection with 
an investigation on refrigerants. With this aneroid calorimeter the heat of 
fusion of ice was determined as 1435,7 cals. i)er mol. J he following table 
gives the latent heat of fusion of some substances. 


TABLE II 


He\TK of Fl slON 


Substance 

('als./ruol. 

Temp. 

„ 1 1 

299.S 

115® 


.... 2100 

5.4 


IHIO 

419 

Load 

.. 1214 

327 

901 

Mercury 

.... .'■,0.5.7 

- 39 


In order to nieasorc lieats of vtiporizidinii of a liquid, one nan determine 
either the amount of heat given np hy a known ainoimt of saturated vapor 
on condensing or the amount of l.eat requinal to turn a hqunl into vapor a 
the same temperature. The first method was dcvehq.ed hy llerthclo and 
improved by later workers* in this fiehl. Smith* has developed the latter 
method for measuring the heat of va|)orization of water; more renently, I'ogler 
and Rodebush < have used it to determine the heat of vaporization of mercury. 
A gentle stream of air is drawn through a calorimeter whose temperature m 

1 BuU. Bur. Slaiularrfs, 12. 23. t!l M. 13.1 (IDIX)’ ois nmn 

• Griffiths, Phil Tran,.. A. n- 2M (!««)• Kahlrntoa. 3. Phm- Chrm S 
Gunther Vonel, Z. Mg..*. Chrm.. 73, iV, (lUlO). Ilennmit. Ann. Phy,xk. (4) 21, 84J (l9Ui). 

*Phys. Ret., 33, 17:J (1911). 

*J. Am. Chem. Soc., 45, 2080 (1923). 
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kept constant by supplying heat electrically and the amount of liquid evapo- 
rated is weighed. By making two determinations at different rates but at 
the same temperature, the heat of vaporization can be calculated directly. 
Smith obtained a value of 9661 cals, for the molal heat of vaporization of 
water at 100° C., as compared with Henning’s value of 9697 cals. 

The following table gives the molal heat of vaporization of a few substances 
at their boiling points. 

TABLE III 

IIkats of Vaporization 


Sulwtiiiico Culs./niol. Temp. 

Benzene 7590 80.1° 

Bromine 304.3 01 

Iodine 3039 184 

NitroRon 1334 -- 195.0 

Oxygen 1031 -182.9 


If we assume that the simple gas laws apply to saturated vapors and that 
the specific volume in the liquid state is negligible compared to that of the 
vapor, we obtain an equation 


dlnp __ AH 
dT " ” RT'^ * 


(17) 


This is the Clapeyron-Clausius equation connecting the vapor pressure of a 
substance with its heat of vaporization. 

Kahlbaum and Wirkner ‘ found the following vapor pressures for benzene: 

T\ = 293°; pi — 75.0 mm., 

Tj = 303°; Pi = 118.0 mm.. 


from which AH = 7990 cals., as compared with an observed value of 8040 
cals. 

liquation (17) can be put in the form 


AH dlnp dlmr 

— — li - — R f 

T dlnT dlnd 


(IS) 


where tt and 6 are the reduced temperature and pressure. From the theory of 
corresponding states, the last term should have the same value for all sub- 
stances at corresponding states and Guldberg * has shown that for a large 
variety of substances the absolute boiling point is about J of the critical temper- 
ature. Hence, it follows that the quotient of the molecular heat of vaporiza- 
tion and the absolute temperature of the boiling point must be approximately 
constant. This relationship is known as Trouton's Rule; * the constant lies 
between 20 and 22. This rule gives only a rough value and when applied to 
liquids over a wide range of boiling point the constant shows a marked trend. 

> Dampf»pannkraftmes»unQen, (2), page 17, Basel (1897). 

* Z, phytik. Chern., 5, 374 (1890). 

I Pha, Maou (6) 18. 54 (1834). 
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TABLE IV 

Trouton’8 Rule Constants 


Substance 

n 

MI 

MI 

Tb 

Helium 


4. ‘29 

2‘2 1 

5.1 

Hydrogen 


29.4 

214 

10.5 

Oxygen 


90.0 

1004 

18.3 

Ethyl ether 


307 

0400 

21.1 

Carbon bisulphide 


.319 

0490 

‘20.4 

Methyl formate 


304.8 

0011 

21.09 

Chloroform 


334.5 

0972 

20.84 

Methyl alcohol 


337.7 

8383 

24.8:1 

Benzene 


353.2 

7370 

20.87 

Propyl formate 


.353 

7945 

22.45 

Ethyl alcohol 


.351.2 

9972 

•28.40 

Ethyl propionate 


372.2 

8354 

22.45 

Water 


373 

9000 

25.90 

Formic acid .... 


373.0 

.5.511 

14.83 

Toluene 


383.8 

7991 

20.84 

Aniline 


457 

1()('>02 

2.3.‘20 

Methyl salicylate ... 


4!»7 

11000 

22,2 


Nernst * has devolopod this idea by omployinp; Eerthelot’s ccpintion of 
state in the derivation of the (dapeyron ('qiiation and obtains the equation 

(t) 


wliere Vo and are the molecular volume of the liquid and its saturated vapor 
and TT is the redueed pre.>siire. He states that, as a rule, the vnhies of 
AH calculated by this equation are more accurate than those determined ex- 
perimentally. Substances eontaininn the hydroxyl Ki'eup such as water, 
alcohol and organic acids, whose molecules in the liquid state arc believe<l to 
be associated, form exceptions to the rule. 


Hildebrand * showed that - 


is the same for <lifTerent substances if they are 


compared, not at the boiling points, but at temperatures where the liquids 
have the same vapor concentration. The pressure is low enough for the vapor 


to obey the gas laws. 


» Z. Elektrochem., 22, 185 (1910). 

> J. Am. Chem. Soc., 37 . 970 (191.1). 
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TABLE V 


HiLUKtiHAND'M CONSTANTS FOR — 



A// 


A A/ 

Suhstutioe 

T 

Sulwtunce 

T 

NilroRiMi 

.... 27.li 

Zinc 

.... 20.4 

OxyKcn 

.... 27.r> 



TToyii nn 

27.2 

Aiiiitioiiiii 

. . . 32.4 

f'lilf tfif 

27.2 

WhI i*r 

32 

Mercury 

20.2 

Ethyl ulcohol 

.... .33.4 


A few cleterniinutions have been made on the heats of transition when a 
substance passes from one alloiropic state to another and the following table 
gives some of the results obtained. 

TAFU.E VI 
IIbats of Transition 


SiilHtimro States A// 

PjOd ('ryslulliiio -glassy — 1 17IM) ralM. 

P While red - .'JTOO 

llKla Yellow- red - ilOOO 

AkHt I’ptd. ervstalliiK* — .‘llOO 

AkI UeRular hexa^oiial — lo.a) 

Sn White — Krey — o'Jl at ID® 


Sl’EClFIC HkAT 

The qtiantity of heat nec(‘ssary to raise the tempi'ratiire of 1 g. of a sub- 
stance tlirough 1® C. at any temperature is called the specific heat, c, of the 
substance at that temperature. 

Specific Heat of Gases: The heat capacity of a gas varies according as it 
is measured at constant volume or constant pressure. If one gram-mol. of a 
substance is lieated at constant pressure from temperature T to T -f dT, the 
amount of heat consumed is C„'dl\ where C,, is tlie molecular heat and is 
ecpial to il/r,„ M being the molecular weight. This heating can be considered 
as taking place in another way; the substance may first be heated at constant 
volume with an expenditure of heat CvdT and then allowed to expand at 
constant temperature to the original prc'-vure whereby an amount of heat 

™ rfy -b pdv is required. Hence, 
dv 

C,dT = C.,IT + (p + ^)dv (20) 
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If we are dealing with a perfect gas, 


and so 



and 


dT~ p' 


Cp - C. = R. 


( 21 ) 


Molecular Heat at Constant Pressure: The difficulty in determining 
specific heats of gases is due to the fact that the mass of a given volume is 
relatively small and a large volume of gas must be used to obtain accurate 
results. The ordinary method of mixture has been applied successfully in 
determining specific heats of gases at constant pressure. The method most 
generally used consists in passing a known volume of gas heated to a definite 
temperature through a colder calorimeter and measuring the heat liberated. 
Delaroche and Berard ‘ first used this method but Hegnault ^ elaborated it, 
paying much attention to details. He was the lir!>t to olitain satisfactory 
results. Wiedemann ® further improved the calorimeter by decreasing its 
size and obtaining a much (piicker heat exchange between the gas and the 
walls of the vessel by filling the calorimeter with metal turnings. Ilolborn 
and Henning,^ using this method, measured the specific hejit of air, nitrogen 
and carbon dioxide up to 1400° C. The following table gives the specific heat 
of air at varying temperatures by .several observers. 


TABLE VII 
Si’Ki’inc Hi (»k .\iii 


° (’. 

H<>fn!iuU 

^\ ii'di'in.'imi 

0 

0,1870 

0 1'.>.52 

100 

0 214.5 

0 21<>9 

200 

0.2;{90 

0 2.5.S7 

400 

— 

-- 

000 

— 

— 

800 

— 



nitihorn iind Austin 

0 2028 
0.2101 
0.22K.'> 

0 2502 
0.2078 
0.281.5 


A method already mentioned, due to t allend.ar, has been developed by 
Scheel and Heusc ^ which gives the .'specific lunit over a very small temperature 
interval. The gas at a definite temperature* flows into the calorimeter, is 
heated electrically and the rise in temperature me.asured by a resistance 
thermometer. 

> Ann. Chim.. 85, 72 (181.1). 

* Mrmoircs de Vlmtitufc dc Franrr, 20 (lse>2). 

* Pogg. Ann., 157, 1 (187e»). 

< Ann. Physik, 23. 809 (1907). 

‘Ann. Physik, 37. 79 (1912). 
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If i is the current, E the potential difference across the heating coil, dT the 
rise in temperature of the gas, Q the rate of flow of gas in grams per second, 
J the mechanical equivalent of heat and Cp the specific heat of the gas, then 

Ei = JcpQdT + hdT, (22) 


where hdT is a term representing the heat losses. By experimenting with 
two rates of flow and adjusting the current to keep dT constant, the second 
term can bo eliminated and Cp determined directly. Scheel and Reuse give 



the following figures for the molecular heat of dry, 
C 02 -free air at atmospheric pressure. 


r Cp 

20® C 6.98 

-78 7.05 

-m 7.32 


Molecular Heats of Gases at Constant Volume: Joly * 
has developed a method for determining specific heats 
of gases at constant volume; a metal vessel is suspended 
from a balance in a cavity through which a rapid current 
of steam can be admitted and its weight is determined. 
Steam is admitted and condenses on the cold vessel until 
it is heated to 100° C. Since the whole space is filled 
with steam, there is no heat loss and the amount of 
water condensed is a measure of the heat necessary to 
bring the vessel from its initial temperature to 100° C. 
If the vessel is first evacuated and then filled with gas, 
the dilTerenee between the two increments gives directly 
the quantity of heat necessary to heat the enclosed gas 
to 100° (h 

Eucken * has used a slightly different method for work 
at low temperatures. Here the method is very accurate 
since the heat capacity of the vessel itself can be made 
very small; the vc.sscl is heated electrically in a vacuum. 

The Exploi^ion Method: Bunsen, in 1867, first used the 
explosion method for determining specific heats at high 
temperatures. The combustible gas and oxygen are 
mixed with various indifferent gases, exploded in a closed 
bomb and the maximum pressure of the explosion meas- 


Fiu. 7. Continuous ured. From this, one can calculate the maximum tem- 
FIow CiUoriruetor for perature attainctl and hence the heat capacity of the 
DetonnininB Specific niixture, since the heat of reaction is known. 

Pier* and Bjerrum ^ have been recent workers in this 


‘ PhU. Trans., 182 , 73 (1892). 

* Sitz.-hrr. prenss. Akad. ItVss., M4 (1912). 

«Z. Ekktrochcm., 15 , 537 (1909); 16 . 897 (1910). 

« Z. physik. Chem., 79 , 513 (1912); 87 , Wl (1914), 
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field. Pier showed that previous workers liad failed to measure the maxi- 
mum pressure and he developed a sensitive membrane manometer consisting 
of a very thin steel plate with a high period of vibration. The deformation 
of the plate by the exjdosion could be recorded photographically. The cliief 
source of uncertainty in results of explosion experiments lies in the estimation 
of the heat loss while the maximum pre.ssure is being attained. From tiie max- 
imum pressure P of the exidosion, (lie teinpiTature can b(‘ calculateil by the 
equation 

(2:t) 

Ti V‘ € 

where Ti and T^ are the initial and final temixTatiires, /» the initial jiressiire, 
and € the ratio of the number of molecules befun^ to that after the exjilosion. 
Pier found, between 0° and 23o0° (\, (\ ~ 2.1177 for argon. In the following 
table, the molecular heats at con.siant volunu' of a few gases are given. 


TABI.K VIII 
C, mu Sk\kh\i. ('iahi h 



At low temperatun's, Jhicken * found, for hydrogen, 

T° K. = do® do® •'^0'" 100® 27;r 

= 2.0S d.Ol d.ll d.l2 -1.84 

and for helium 

r K. = IS® 22® 20® 30® 

Cv = 2.00 3.00 3.10 3.10 

Indirect Methods for C..- Since the direct deb'rmination of C, for gases i.s 
very troublesome, several indirect methods have been worked out that give 

satisfactory results. The ratio of ^ can be determined directly and several 

C V 

methods of attack have been employed. 

Method 0 / Clement and Dhormes: * The gas under consideration is placed in 
a large container at a pressure Pi whicli is slightly greater than atmospheric. 

* Siiz.-ber. preuss. Akad. IFwa., M4 (1912;. 
tjour. de Phys., 89, 321, 428 (1819). 
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The container is opened for a moment so that the internal pressure drops to 
atmospheric and then is quickly closed. While the gas in the container was 
expanding, it cooled slightly and on warming again the pressure increased to P 2 . 
Let Pi = P + pi and P2 = P + pz, where P is atmospheric pressure and pi 
and P 2 are small compared to P. If V is the volume of the container, then 
the amount of work done by the escaping gas is V(pi — pz). This work 
was done at the expense of the heat content of the gas, since we assume that 
the expansion takes place adiabatically. The amount t° which the gas cooled 
during expansion can be calculated from the ecpiation 


since the pressure rose from P to P p 2 , while the temperature changed from 
T — t to T, The heating is done at constant volume so that the amount of 
heat consumed is 


nCvt • 


RT^’^ R 


(25) 


Since tliis quiiiitity is equivulcnt to tlic work done by tlie gas on expansion, 


Vl ~ (20) 

But wo have shown that 

Cp - = P, 


Cv p\ - p2 


(27) 


By working with a large volume of gas and a small pressure difference, it is 
possible to minimize very greatly the loss of heat duo to conduction during 
the expansion; the chief difiiculty is in securing a (piick equalization of pressure. 

A somewhat better method is due to Lummer and Pringsheim.i They 
filled a vessel of 90 liters capacity with a gas at known temperature and at a 
pressure which exceeded atmospheric. The excess pressure was allowed to 
blow oil through a large orifice and a complete equalization with atmospheric 
pressure was ensured. The temperature of the gas was now determined again 
quickly by a platinum resistance thermometer of very fine wire placed in the 
center of the flask. Since the process is adiabatic, 


'A \pj 


(28) 


Wif4l. .4nn., 64 . 5S2 (1898). 
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Ik V obtained the following values: 


Gu 8 y (^as y 

Air •' ^ .4020 Carbon lUoxulo . . \ .2005 

Oxygen 1.3977 Hydrogon I.IOSI 


The Method of the Velocity of Sound iraw.s; TIih inofliod dppotids on niens- 
uivnients of the velocity of sound in gases. Tin* v(*loeity of Irtinsnihsion of 
sound U in any gas is given by the expression 


where d is the density of the gas. 

The ratio of the velocity in two gases 


(‘20) 


botli at tlu' same pressure, is 


(30) 


r. 'V.'/, 

or, since, at constant tcnii«Tatnrc, tlic llcn^itics arc proportional to tin' nio- 
leeular weiglits, 

. 01 ) 

The ratio of the velocity of >oun<l in any two gases can be d(>termine(l very 
accurately by a metliod developed by Knndt.' 




y: 


1 


B 

T ^ -P- 


\rr 




Fkj. S. KuiuU’s Tub<‘ for McnMinng Vcl... it\ of Sound in a (las 

The tube (I in Fig. S is fitted witli a plnng<*r /? and a glass rod /). A small 
anmnnt of lincly sronnd cork or lykopodinin powdcT is sprcail in tire boUoin 
and the tube tilled with the Ras under cnisideralion. P"'™ "f moist cloth 
is rubbed along the tube 1), causing it to emit a .shrill note. 1 he gas in the 
tube takes up tliese vibrations and the waves are made visible by the powder, 
liy moving B up and down the tube a position is found where the .stationary 
waves are sharjily defined and bv ineasiiiing the distance between two nodal 
points a quantity I k obtain, al which is ilireetly proportional to the velocity 
of sound in the ga.s under consideration. 

The value for 7 in air has been foiiml to be t .40:i. When I for air has been 
determined by tliis method, it is po.ssible to deterniine 7 for any gas. 

7 = 1 , 403 -^. ( 32 ) 

^ 29.0/2* 


> Pogg. Ann., 127, 497 (1H60); 135. .337. .'>27 (18G8). 
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where U and U are the nodal distances for the gas and for air under the same 
conditions of temperature and pressure. 

The following table gives values for 7 for a number of gases. 

TABLE IX 

C , 

-- = y FI)U SkVKHAL CiAHKa 


Substiiiico 7 Substance 7 

ArKon l.Wi Nitric oxide 1.40 

Mercury 1.00 f’urbon dioxide. ... ..1.20 

Hydrogen 1.41 Ether 1.00 

Chlorine 1.^10 


Specific Heat of Liquids: The specific heats of liquids and solutions have 
been determined with the aid of the continuous flow method of Callendar and 
Harries and also by measuring the heat rise in a Dewar vessel when the system 
is heated electrically. The difficulty of the latter method is in determining 
the heat capacity of the calorimeter. Richards and Rowe ^ have measured 
the specific heat of hydrochloric acid solutions, using an adiabatic calorimeter. 


TABLE X 

Spbcikic Hkath ok HvunooiiLomc .\cii) Solutions 


Compo.sition r,, (’oinpoMifion Cp 

of Solution of Solution 

HCl + lOHA).. . 0.7r)2 lUn + lOOHA). . . 0.%;M 

“ -f 20 . . 0.840 “ -t 2(M) 0.0812 

“ + 25 0.8770 “ + 400 O.OOOf) 

“ +50 0.0:120 


Goodwin and Kalmus ^ have measured the specific heats of a number of 
inorganic salts at a temperature just above their melting point. 


TABLE XI 


Salt 

KNOi 

NnNOi 

AkNOs 

Ag(d 

AgBr 

PbCU 

PbBn 


Molar IIkat Capauitiks ok Fuhkd Salt.s 



T° (’. 


;{()8 

:i;i.7 

.... 3:w 

:io 0 

250 . 

26.9 

.... 455 

18.5 

.... 4.10 

I4.:i 

.... 498 

3 : 1.7 

.... 488 

28.6 


For liquids which, for other reasons, are believed to be composed of a single 
molecular species, the specific heat usuallv rises with increasing temperature; 
in the case of liquid sulphur, Lewis and Randall ^ observed, Jiowever, a great 
rise at 160° C., wliich they accounted for as due to the transition from S\ to 5^. 

‘J. Am. Chem. Soc., 42, 1621 (1920). 

»PAy«. 28, 1 (1909). 

•7. Am. Chem. Soc., 33, 476 (1911). 



THERMOCHEMISTRY 


205 


TABLE XII 

Specific Heat of Liqcu) Suepiuih 


Ternp. Cp Temp. 

100° C 0.23 200° (’, . . . 

140 . 0.2.1 300 

100 0.41 100 

180 0.28 


0.27 

0.27 

0.2S 


Specific Heat of Solids: Tlie sperifir hrat of solids at 
room temperature can be naulily determined by healin^r 
the substance electrically in a Dewar vessel, usinR a bath 
liquid that does not react with the solid. The accuracy 
of this metl.iod depends on the relative heat capacities of 
the substance and the calorimeter. 

White ^ has determined the mean specific heat of 
platinum and some silicates between 1500° (\ and room 
temperature. The material was heate<l in an ('l(‘ctric 
furnace and then droi)ped directly into the calorimeter. 
He used as jireat a temperature rise as 23° C’. in some of 
his experiments. 

Harper^ gives a complete resumt'* of the uork done on 
the specific heat of copper and uses a vacuum metliod in 
his experiments with the coiiper .serving as ils own calo- 
rimeter. 

A large amount of work has bi'cn done on the varia- 
tion of the specific heat of solids \sith f cmjx'ratun' al low 
temperatures and Xernst’’ has given a fairly complete 
account of this work. 

The Copper Calorimcfer: The copper cidorimcter was 
developed first by Xernst, Koref, and Lindemann.^ It 
works on the princijilc of a mixing calorimeter with a 
well-insulated cojiper block K in a Dewar V(*^sel serving 
as the calorimeter. Temperature changes are nu'iisured 
by thermoelements 7 one eml of \\hich is placed in the 
copper block K, the other in the copper cover ( . 1 he 

whole apparatus is covered with a thin co[)per sheeting 
and immersed in a constant temperature bath. Ihe sub- 
stance whose specific heat is dc'^ired is intnaluead at a 
known temperature through the tube R and the teinpera- 



l'i(!. U. 

f ;itl(jririiofpr for Kpe- 
cific Heat 


‘ Am. J. Sa., 28. 334 (lUOOp 

* Bull. Bur. l^iatuiardti, 11, 2.VJ (11)14). 

* Grundlagen des ricuen Warmosalzes. Knapp. 11)18. See alw) T. E.streu-hcr, HaminluiiK 
Chem. VortraKe, 20. 3.53 (1914), also, Chapter XVIL 

* Silz.-ber. preuss. Akad. 247 (1910). 




206 


A TREATISE ON PHYSICAL CHEMISTRY 


turc change determined. Koref ^ has made a number of determinations, using 
this method. He finds that it works quickly and accurately with a properly 
constructed calorimeter and that, for determining small amounts of energy, 
it is preferable to the ice calorimeter. Magnus ^ has used the same method 
for determining specific heats up to 730° C., employing a large copper block 
so that his percentage heat losses were smaller. The method, however, only 
gives average specific heats over a range of temperature. 

The Vacuum. Calorimeier: The principle of the vacuum calorimeter is that 
the substance itself serves as the calorimeter; a measured quantity of heat 
energy is supplied and the temperature rise measured. Several forms of this 
calorimeter have been developed for low tem- 
perature work.^ In the usual form, the same 
wire is used for heater and resistance thermom- 
eter; at liquid hydrogen temperatures this has 
proved impraetieable so that Sehwcrs used a 
thermoelement. (libson and (iiaque * have used 
this method and modified the ciilorimctcr slightly. 

A diagram of the apparatus is shown in Fig. 
10. The calorimeter C consists of a thin- walled 
coi)i)er vessel in which the substance to be rnea.s- 
ured is jdaced. It is wound with silk-eovered 
copper wire which serves both as lieater and ther- 
mometer. The whole is coated with shellac and 
covered with gold foil to cut down radiation 
corrections. The ealorimeti'i is suspended in a 
massive copper eylimh*!* B the iinier wall of which 
is a thin copper cyliiuh'r on which is wound a 
thermometer heat(‘r of the same description as 
that used for the ealoriniet(‘r. The leads from 
the calorimeter have a large insulated surface of 
contact with the cylinder to prevent heat leak- 
age from outside into the calorimeter. The cyl- 
inder in turn is suspended from a vacuum-tight 
container A. The whole is j)laced in a Dewar 
vessel containing the cooling liquid; for the 



for Spocific Hoiit 


K., carbon dio,\ide-ethcr 
The great heat capacity 


range 70°-ir)0° K., liquid air is u.sed, 16()°-20()° 
mixture and for 2()0°-270° K., carbon tetrachloride, 
of the copper cylinder cau.ses its temperature to remain practically constant 
even with a difference of 80° between it and the bath. 

The following table for glycerol glass illustrates some of the values obtained. 


» .Inn. Physik, 36. 49 (1911). 

Z., 14. 5 (1913). 

*EurkPn. Physik. Z., 10, 5S6 (19(H)). PoUitzor. Z. Elrklrochem., 17. 5 (1911). Nernst 
and Schwers, preuss, Akad. TVisa., 355 (1914). 

*J, .Ini. Chem, Soc., 45 , 96 (1923). 
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TABLE XIII 


Hkat Capacity of Amorphous Oiackuol 


mp. ° K. 

Cp per Krain atom 

Temp. ° K. 

Cf, per tjram atom 

70.2 

0.731 

192 0 

•> ooa 

93.9 

0.934 

227.1 


122.0 

1.123 

27."i 4 

a,. '•,71 

153.1 

1.33G 

299.4 , . . 

3 .SI 1 

179.8 

1.022 




Typical data for atomic heats at various temperatures are niveii iu Table 
XIV. 


TABLE XIV 



Atomic Hk\ts \t TiOW ThMcmMiUKS 




” K. 



° K. 



® K. 

('v 

Sil>er .... 

35 

1 ..5S 

(’opper . . 

3.1 1 

O.'.l 

Lead 

2.1 

2.90 


S5 

4.12 


SS 

.3 .3.S 


SO 

5.72 


120 

5.20 


120 

L.'.S 


120 

5.9.1 


200 

5.7S 


200 

5. 1 1 


2(K) 

0.10 


2S0 

0.01 


2.S0 

5.M) 


2.S() 

0 2S 


300 

0.21 


3(U) 

0.02 


3r»o 

0. 15 


In Table XV the mean atomic heals of various silicat(*s an* Riven, 


TABLE XV 

Mk\n Atomic 1Ik\is or Sii,u’\ik> \t DiiiMti-Nr TfMPKH.vniuKs 



0° 

100° 

.300° 

100° 

.•,00° 

000° 

700’ 

soo" 

9(M)° 

1000° 

Siliea Kla.s.s 

;i ;i3 

1 05 

l.t>5 

5 17 

5 35 

IS 

5 5.S 

.5 OS 

5.75 


(Juartz . . 

3.37 

1.1 

5 1 


5 9 


5.10 

5 5s 

5.00 

5 72 

Aiiorthito 

3 74 

i.:i9 

22 

5. 1.3 

5 5S 

5 09 

5 .S2 

5 95 

0 91 

0.14 

Mieroeliiie . 

3 01 

4.27 

5.09 

5.30 

5 17 

5 01 

_ J 

5.72 

5.79 

5. SO 

5.92 


IIkat of (’omhustion 

A Rreat deal of work has been done on heats of combustion since tliis is 
practically the only reaction in orRanic clu'mistry nhirh takes placi* smoothly 
and quickly without any disturbiuR side reactions, a necessary^ feature in 
thcrmochemical investiRation. The combustion takes jilace in excess of oxvRcn 
and carbon dioxide and water are the usual (uid products. The heat of com- 
bustion is determined at constant volume so that to determine AH the quantity 
AuRT must be added to the observed value, An beiiiR the number of molecules 
produced less those consumed. 



208 


A TREATISE ON PHYSICAL CHEMISTRY 


The heat of formation may be calculated from the heat of combustion by 
subtracting from it the sum of the heats of formation of the carbon dioxide 
and water resulting from the reaction. For the combustion of sucrose, 

C, 2 ll 2 ,Oii + 12 O 2 = 12 CO 2 + IIH 2 O; A// = - 1,350,000 cals. 

Tlie sum of the heats of formation of the carbon dioxide and water gives Aff 
= — 1,875,300 cals., so that, for the reaction, 

12 c -f IIH 2 4- 5^02 = C,2H220,i; a// = - 525,300 cals. 

The heat of any desired reaction can be calculated directly from the heats of 
combustion by subtracting the licats of combustion of the substance formed 
from those for the substances which disappeared. For the reaction 

C 2 ll 6 ()H -f C 6 H 5 COOH = C 6 H 5 COOC 2 H 5 + H 2 O, 

we can calculate from the data in ensuing tables that AH = -f 1200 cals. 
It is at once seen that this quantity is a difference between two very large 
quantities and is likely to be very greatly in error. 

Some very important results have been obtained from the heats of com- 
bustion of difTereiit allotropic modifications of the elements. When the three 
forms of carbon arc burned in oxygen, the heats absorbed arc given by the 
following equations: 

C (diamond) -f O 2 = CO 2 ; All - - 94,300 cals., 

C (graphite) + Oj = CO 2 ; All = - 94,800 “ , 

C (amorphous) + 02= CO 2 ; AH - - 97,650 “ . 

It is thus apparent that the internal energy of amorphous carbon is greatest 
and that for the reaction 

C (diamond) = C (graphite); AH = + 500 cals. 

Similarly, for other allotropic changes, the following heat effects have been 
observed : 

S (monoclinic) = S (rhombic); AH ~ — 230 cals., 

T (white) = P (red); AH = - 371 “ , 

O 3 = l^Oa; AH = - 3620 “ . 

Dickinson ’ gives the following heats of combustion as standards for calibrating 
combustion bombs; 

Substnneo AHm'* 

Naphthttlcmi - 1,2:11 ,()(X) rt 250 

acid - 772,130 ± 125 

Sucrose - 1,350,000 ± 700 

Richards and Davis ’ have measured the heats of combustion of several com- 
pounds with a high degree of accuracy. 

* Loc. cit. 

* J. Am. Chem. Soc., 42 , 1599 (1020). 
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TABLE XVT 
Heats of Combustion 


Substance 

Sucrose 

Benzoic acid . . . 
Naphthalene . . . 
Benzene .... 

Toluene 

Methyl alcohol 

Ethyl 

Propyl 

Bufyl 

Isobutyl 


A// 

. - l,34‘».4no cals. 
. - 77l,o:)0 

- i.-j;n.(>0() 

-7S1.S.',() 

. - 1M.'),230 

. - 170, (ilO 

- ;127,()10 

- iN.'i.SOO 

- o;is,:i;io 

- 0.17,140 


The heats of combustion of tlio hydrogemitod beiizeno.s nrc charactcMistic 
of the thermal behavior of aromatic compounds. 


TAIILE XVI 1 


Heats of Combu.stion 

OF Benzene and Ihnno 

-HENZENKH 

Sub, 'Stance 

A// 

DilTerence 

Benzene .... 

• - 779.S00 

0,S,20() 

Di-hydro-benzene 

. . - SIS.OOO 

41,000 

T('tra-hj dro-benzen<' 

- itvj.ooo 

11,200 

Hoxa-hvflto-benzene .... 

- '.13.1.200 

.')S,000 

Hexane 

- '.101,200 


The transformation of lienziMie into its tirst hydrogenation product is ac- 
companied by a mucli greater absorption of lieat tlian occurs in the suliseipient 
steps. 

From an investigation of a large number of aliphatic compounds Thomsen 
found that, for an increase of a (’He group in a homolog<ms series, there is an 
increase in. the heat of eomliustion of — 1.)7,<S7() cals. 


TMILK Will 


A// K)H S\ii i(\iKi) IlYt»noe\nn<»Nrt 


Sub'll ance 

Methane 

Ethane 

Proi)ane 

Tetra-nioth>l-nicthane 


Ml 

- aiO.MK) 

- .100,(100 

.■.27..')(M1 

.. . -.Sll.hOO 

TABLE XIX 


IiuTcax* iti A// for (’Hj 

- 1.'>S,2(H) 

- l.'>H,.'iOO 

- i:)S,C,()0 


A// KOH B^.^■ZK\^: Axn 1 )k.ki\ ativ eh ' 


.Substance 

1 Heat of 

j Vaporization 

' 

A// (Li«|Uid) j 

A// (Vajtor) 

Difference 

Benzol 

- 74.''>0 

! - 7SO,000 1 

- 787,400 

- 155,8(K) 

Toluol 

1 - 7990 

1 - 93.'i.2(M) 

- 943,200 

- 1.54,7(K) 

Ethyl benzol . . . . 

! - S140 

; - 1,089, StX) 

- 1.097,9tK) 

- 155,3(K) 

n-Propyl benzol . . . . 

- S(>20 

1 

, - 1,214.000 

- 1,253,200 



J Richards and Barry, J. Am. Chcm. Soc., 37, 093 (10i:>). Richards and Davis, ihtd., 


39. 341 (1917). 

8 
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The value of dAH for an additional CHj in an aromatic homologous series 
is ~ 165,000 cals., so that this value is approximately the same for both 
aliphatic and aromatic compounds. 

TABLE XX 


Hkats of Combustion of Isomeric Octanes ‘ 


8 ul)«tancc 

Heat of Vaporization 

A// (Liquid) 

A// (Vapor) 

n-octane 

- 8120 

- 1,300,50(1 

- 1,. 308,600 

2 methyl heptane 

- 7880 

- 1,. 30 1,900 

- 1,309,800 

2.6 dimethyl hexane 

- 7m) 

- 1,299,200 

- 1,306,900 

.3.4 •' “ 

- 7880 

- 1,299,700 

- 1,. 307,600 

3 ethyl hexane 

- 7880 

- 1,298,300 

- 1,306,200 



Mean 

- 1,307,800 


‘ Richards and Johsc, J. Am. Chcm. Soc., 32, 292 (1910). 


Thomsen found from a study of the heats of comliustion of the paraffins and 
olefines the influence of an additional carbon atom on the heat of combustion. 

TABLE XXI 


Heats of Combustion of Various Or<}anic Compounds 


Compound 

Formula 

A// 

DifTerence 


CIL 1 

C 2 H 4 

- 211,930 1 

- 333,3.50 i 

- 164,770 \ 

- 286,160 f 

- 121,420 


Methyl chloride 

CHjCI 

- 121,390 

Mono chlor ethylene 

CalLCl 1 

Trimothyl methane 

C 4 H 10 

- 687,190 j 

- 807,6.30 1 

- 932,820 I 

- 120,440 

Isoamylene 

CsHio ! 

- 125,290 

Diallyl 

C.H.o i 




Fajans ® has shown a possible method of calculating the energy values for 
the individual linkages in aliphatic hydrocarbons. From the work of the 
Braggs • on the X-ray spectrum of the diamond, we know that every C-atom 
is at the middle of a regular tetrahedron at whose corners are four other C- 
atoms and that all the linkages are similar. Thus, in the diamond, one has 
tetravalent carbon and the forces exerted must be similar to those between 
C-atoms in aliphatic compounds. 

The values obtained in combustion experiments can be considered as made 
up of several simpler quantities: (1) the energy of a carbon hydrogen linkage 
C-H (x), (2) the energy of a simple C-C linkage (?/), (3) the heat of forma- 
tion of liquid water from 1 (/-atom atomic hydrogen and molecular oxygen (r) 

» Bcr., 53 . 64.3 (1920). 

aBoiy. Chcm., 90 . 227 (1915). 
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and (4) the heat of formation of gaseous carbon dioxide from 1 (/-atom mon- 
atomic carbon vapor and molecular oxygon (z). For propane, 


For ethane, 


- 8^ 4- 8a - 2y -|- 32 = - 520,700. 
- Gx + Cw - y i-2z = - 370,000. 


From these and similar equations a value for z — 2y can be obtained, which 
amounts to — 08,000 ± 8000 cals, and is comparable with the heat of combus- 
tion of the diamond, — 94,400 cals. This shows that flic energy of a C-C 
linkage in aliphatic hydrocarbons and in the diamond are approximately the 
same. 

The value of (r) the heat of combustion of atomic hydrogen can be calculated 
from the dissociation of molecidar hydrogen,’ All — 81,300 ± 5700 cals., 
and the heat of formation of water from hydrogen and o.vygen gas, AH = 

— 07,000 cals. Hence {v) = — 7 1, 100 ± 2800 cals. 

Fajans * has discussed the methods for obtaining the heat of sublimation 
of carbon and has accepted a value of -f 287,000 cals. Two methotls have 
been used for calculating this (piantity: one due to (iruneisen,’ based on a re- 
lationship between specific heat and thermal expansiim, and the other due to 
liUinmer * who measured the ciTect of pressure on (he (I'lnperuture of the 
positive crater of a carbon arc. There is some unci'rtainly in (his value as 
it differs greatly from that calculated fnmi the Xenist Heat Theormn. 

From the value z, the heat of combustion of nnmatomic carbon vapor is 

- 381,000 cals. 

The following table give.N the heat of formation of some simjdo aliphatic 
hydrocarbons. 

TAHI.K .WII 


ok Fohmm'k 

>N' OK 

Jlynnof \unoNH 


Heat of 
(’onibii.^tion 

Heat of 

Heat, of 

Stibstance 

Format 1(01 from 
Diamond t ID 

Formation from 
.\loms 

Methane 

- 211,000 

- IS, 000 

- 10S,000 

Fthane 

- 370.000 

- 21,000 

- S.3S.t)00 

Propane 

- .')27.000 

- 20,000 

- 1,211,000 

Klhjiene . 

- 340,000 

10,000 

- 720,000 

Propylene 

- 494,000 

S.OOO 

- 1.095,0tK) 

.\cet.vlene 

- 312,(M)() 

i 

.50,000 

- .599,000 

Allylene . . 

- 472,000 

.51,000 

- 90!),000 


A// for Clh 


- .‘{70, (HK) 




- :i7o,ooo 


’Langmuir, Z. EMfrorhim.. 23 , 417 (l‘)17). Lsmioli. ihuL. 21 , 417 (1915). Franck, 
Knipping and Kruger, Verh. 1). physik. (Hcs., 21. 729 (1919). 

*Z. Physik'., 1. 101 (1920). 

» Verh. D. physik. Gcs., M. 324 (1912). 

* Vtrflu«8iguny dcr Kohle, 1914. Saitiniluug \ ieweg. 
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From thin table, it ia scon that the increase of a C-atom and 2 Il-atoms to 
form a j^roup in difTerent compounds is accompanied by an approximately 
constant increase in heat content. For the C = (' linkage, A// = - 252,000 
cals,, and, for the (' s (I linkage, A// = — 305,000 cals, 

(Considering the two oxides of carbon as formed from atomic carbon and 
oxygen, 

(c (vapor) + JOa = (’0; A// = - 314,000 cals. 

CCJ, + JO, = (JO,; A// = - 07,000 cals. 

Hence, the energy change accompanying the combination with the first 
oxygen atom is much greater than with the second. 


Hkat of Solution 


liy hc.nt of mlulion one understands the amount of heat that is absorbed 
when one mol. of a substance is di.ssolved in so large a volume of solvent that 
further dilution causes no further absorption of heat. The heat absorbed when 
1 mol. of a sul)stance is dissolved in a solvent to form a givc'u solution is called 
the total heat of aohition. If, however, a small timount of solute is added tf) 
a given soluti(»n, th<‘ heat evolveil {)er mol. is called the i/oitiol heat of solution 
for that particular concentration. I'hese two (piantities are identical in very 
dilute solutions, but, for concentrated solutions, they may be V('ry different 
from one another. 

In thermodynamic calculations the jiartial heats of solution are the (pianti- 
tics employed and tlu' accompanying illustration will show how these (piantitii's 
may be derived from the total heats of solution which are the quantities usually 
found in the literature. 

Ilrdnsted ‘ has measured the heats of formation of sulphuric acid solutions 
from H,S 04 and 11,0 and gives the following values. 



The third column gives the heal 
absorbed per mol. of solution formed. 
In Fig. 1 1 the heat of formation per 
mol. of solution from acid and water is 
l)l(dted as ordinate against the mol. 
fraction of acid as abscissa. A tangent 
t(» the curv(‘ is drawn at .V, = 0.50; 
the intercepts of this tangent on the 
ordinates A'l = 1 and N, = 1 are equal 
respectively to Hi ami //,, where 


//i 


dill 


and 



Fig. 11. Heat, of Solution of IIjSO^ 


>2. physik. Chan,, 68, 700 (1000). 


where and a, are the number of mols. 
of water and acid in any given amount 
of .solution. To prove this relationship, 
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TABLE XXIII 

Heats of Solution ok Sulphuhic Acid and Wated 


Mol. Fraction 

Heat Evolved 

A// i)Pr 

Mi»l. Fraction 

Heal Evolved 

Ml per 

Acid — St 

per Mol. Acid 

Mol. Solii. 

Add .V, 

])er Mol. Acid 

Mol. Soln. 

O.OOOOH 

20. m) 

- 1.0 

0 10 

1.7.010 

- 1.701 

0.()(K)l(i 

20.1.00 

- .1.2 

0.1.7 

14,170 

- 212.7 

0.(M)()24 

10.0(H) 

~ 4 78 

0 20 

12.010 

- 2.788 

0.000:12 

10,000 

-Oil 

0 2.7 

1 1,880 

- 2000 

0.000-10 

. 10,400 


0 ;io 

10,710 

- :i2i;i 

0 00002. j 

IM.OOO 

- 1 1 S7 

0 ;i.7 

0.(k70 

- :i:i78 

0.00 12.') 

18..jt0 

- 2.1 2 

0 40 

8.o;io 

- :u.72 

0 002.'‘>0 

18,100 

- 1.7 2 

0.1.7 

7.(>.80 

- ;ii.7o 

0.00.')0 

17.700 i 

- 88 S 

0 .70 

0.7.10 

~ ;i;io.7 

0.01 

17,000 

- 170 

0 .7.7 

.7.810 

- :iio.7 

0.02 

i7,;ioo ! 

- ;ii7.2 

0.»)0 

4, .870 

- 2o:i2 

o.o;i 

17,200 

- .710 

0 0.7 

1,000 

- 2o:io 

0.04 

17,000 

- 082. 1 

0.70 

;i.2S0 

- 2200 

o.!).") 

10,000 

- 81.7 

0 7.7 

2,000 

- 10.70 

0.00 

10,710 

- 1002.0 

0 80 

1.070 

- 1.770 

0 07 

10,400 

- 11.72 2 

0 8.7 

1.120 

- 1207 

0.0s 

10,200 

- 1200 

0.<»0 

0:10 

- 8;i7 

0.00 

1.7.0 10 

- 1 i;ii 0 

0 0.7 

1.70 

- 427 



(37) 
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and 


(INi dNi dn\ drh 


(38) 


The quantity in tlie partial heat of solution of water in the acid solution 

of mol. fraction N 2 or the partial molal heat content of the water in the solu- 
tion. Hence the intercejjt of the tangent on the ordinate N ‘2 = 1 gives the 
partial heat of solution of 1 mol. of acid in a large quantity «)f solution of mol. 
fraction N 2 = 0.50. 


In n v«ry Hiinilar inariiior tlin hnit whfii onn mol. of .solution of romposilion Nt 

» 0.20 is addnd to a lar^n umiiitity of <onipo.sition Ni ~ O-.W ran Ik; dctiTinincd. The 
intereept of th(s ordinate at iVj * 0.20 hetwc'en the «urve and the laiiKent to the eurve at 
Ni » 0.f)0 gives the measure of this lieat effect. 'Phis can l)e shown as follows: 


0.2 mol. acid + l.<l. hoIu. {Nz « 0..50): • A// = 0.2//a (A'j = 0..'>0), 

O.S mol. water -f l.q. soln. (.V 2 ” 0..'>0): A// = 0 .H //1 {i\ i «= O.-W), 

0.2 mol. acid -j 0.8 mol, water; A// = // (,V 2 = 0.20), 

1 mol. soln. {Nz •= 0.20) -f l.<|. soln. (A's =» 0..‘)0); A// = ?, 

? - 0.2/72 - 0..')0) + 0.8/7, (A '2 - 0..')0) - // (S'z = 0.20). 


This corresponds to th(' intercept mentioned above. In general when 1 mol. of .solution of 
conuiosition x, is mixe<l with a larg<* quantity of solulion of conq»osition r.'. the heat «‘ffect 
is calculated by drawing a tangent to the curve at xz and d(‘tei mining the distanci' from 
where this cuts the ordinaU' x, to the <*urve. 

If one mol. of solution of compo.sition Xz * 0.20 is mixed with three mols. of composition 
Nz " 0.(M), the heat effect can be determiiu'd m a similar mannei. 


0.2 mol. acid + 0.8 mol. water, 

II X O.a mol. acid + II X 0.1 mol. water 
2 mol. acid + 2 mol. water; 

I mol. soln. (A '2 t).20) -f U mol. soln.; 

? « 4// (A^2 - 0..'j0) - // (.V 2 = 0.20) • 


A// = // (.V 2 = 0.20), 
A// - a// (.V 2 = 0 00), 
A// - \II (Xz = 0..',0), 
(.V. -- 0.00) A// = ?, 
a// (Xz = o.t,o). 


In the diagram the chord joining the points on the cur\e erresponding to A': = O.-'iD 
and Nt »• 0.00 is prodtii'ed to <’ut the ordinate at .V 2 == 0.20 and the di-<tance between this 
point and the curve gives-the heat elTeet. 


Relative Nature of Values for Heat Content Used: // is the molal heat 
content of the .solution when the molal hiMit contmits of the pure acid and water 
arc assumed to be zero and similarly Hi and Hi are the partial molal heat 
contents of tlie water and acid in the solution referred to the heat content of 
the pure substances as zero. 

Of course it is not necessary to make these particular assumption.s con- 
cerning the position of the zero point on the diagram. We miglit have con- 
sidered the heat content of the system SO3 + H <() as zero when Nt — 1, in 
W'hich case the zero or ba.se line of the curve would be divsplaced to 20,400 on 
the ordinate Vj = 1 on the present diagram. The base line might even have 
been considered as drawn between the points giving the heat contents of the 
elements from which the water and acid are formed. Lewis and Randall * 
‘ Thermotiynamics. McGraw-Hill Co., page 88. 
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use as their base line the heat contents of the substances in infinitely dilute 
solutions. Fi{?. 12 shows the positions of these various base lines with reference 
to the curve. It will be seen from the alH)ve discussion that the absolute 
values assigned to the various points is of no importance since we are dealing 
solely with All which is the difference between two //’s. The particular values 
assigned to the variou.s points have no physical significance since we are unable 
to determine absolute values for the heat content of any substance. 

Calculation of Partial Molal Heat Content for the Solvent when that for 



plotted a.s ordinates against as ab- 
d /?2 

sei.ssie. The negative value of the area 
under the curve between iVi = 0 and 
A'l = ;Yi' gives the difference between 


I’ni. \2 Heal ('ontciit of Sulphuric Acid 
SolutiouH Itcf(‘rrcd t-o VaryiiiK Initial Htaloa 

I. Lewirt and Itandall ndcrcnco itatc 

II. ( 'urv'c for solution 

III. Heat content water and acid refer- 
ence state 


.dH , , ,, IV. Heat content sulfur trioxide and 

the values of — for A 1 = A 1 and A i reference state 

. p I # V. Heat content clcitn'iits reference state 

0. To determine a scries of values of 

— , it is nece.ssarv to know from experiment the limiting value of .--as Ni 
dux ' oni 

approache.s zero. 
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Bronstcd eivcs a series of values for - — for sulphuric acid solutions of 

dui 

varjdng strengths and tliese are given in Table XXIV. These results are 
plotted in Fig. 13 and the values for the area determined by counting squares. 


20 
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TABLE XXIV 


Paktial Moual Hkat Contknt of Sui.I’HUuic Acid Solutions 


Mol. I'Vaction 
Acid— Vi 

Ni 

nil 

dttj 

Mol. Enictiou 
Acid— 

^2 

Ni 

OH 

Orit 

0.0001 

.0001 

- 20,0.50 

0.45 

.818 

- 2000 

O.Ol 

.0101 

- 17,2.50 

0.,50 

1.00 

- 1800 

O.O.'i 

.0520 

- 10.070 

0.55 

1.22 

- 1100 

O.OH 

.0S70 

- 14,200 

0.00 

1.5 

- 070 

O.IO 

.111 

- 12,070 

0.<1,5 

1.80 

- 400 

O.lf) 

.175 

- 10,800 

0.70 

2.33 

- 200 

0.20 

.2.50 

- 0,010 

0.75 

3.00 

- 173 

0.25 

.333 

- 7,520 i 

0..S0 

4.00 

- 102 

0.30 

.420 

- 0,2,30 

O..S5 

5.07 

- 04 

0.35 

.530 

- 5,070 

0.00 

0.00 

- 47 

0.40 

.000 

- 4,(M0 

0.05 

10.00 

- 28 


Table XXV gives tlie values obtained between the different concentrations. 

Column 2 gives differential values for between concentrations that differ 

dni 

dll 

by 0.05 from one another. Column 3 gives values for at varying values for 

Oh, 

d// 

Nif assuming a value of - 8350 cals, for — - when Vi = 0. Column 4 gives 

dfii 
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similar values calculated by Bronsted and Column 5 values determined experi- 
mentally by Rumelin.i 


TAHLK XXV 

Heat Content Data foh Sitephithic Acin Soia tionh 


Mol. Fraction 
Acid — Ni 

DifTerenfial 

Value, ^ 

, d/li 

on 

" (calc.) 
dNi 

on 

— - (Hn.iistcd) 

On I 

on 

~ — (Unniclin) 

d/ll 

0.95 

260 

- 8101 




.90 

124 

- 7895 



.85 

181 

- 7771 


[ 

.80 

248 

— 7587 



.75 

339 

- 7339 



.70 

3(V1 

- 7(M)0 



.65 

3.53 

- 0030 



.00 

017 

- 02K.3 



.55 

811 

- 5000 



.50 

973 

- 185.5 1 

- 18.50 


.15 

801 

- 3882 

- 3880 


.40 

020 

- .3081 

- .3000 


.35 

.500 

-2101 

- 2170 


.30 

190 

- 1901 

- 1910 

- 1810 

.25 

131 

- 1110 

- 1 1.50 

- 1115 

.20 

3!>9 

- 970 

- 1000 ! 

- 98,5 

.15 

297 

- .577 

- 580 

- 0.30 

.10 


- 280 

- 280 

- 275 


In the followinfi; table some values for heals of dihition an* j^iven for nitric, 
hydrochloric and oxalic acids. 


TAHLK XXVI 
JIk\ih of DnAni«>N 


Mols, Water per 1 Mol. .\cid 

UNO, 

IICI 

C 2 II 2 O 2 

1 

- 3310 

- 5,370 

+ ‘152 

2 

- 4800 

- 11, .300 

+ 1.50 

5 

- 0700 

- 14,900 


8 

- 7220 



10 

- 7270 

- 10,100 


20 

- 7300 

- 10,700 

- 173 

50 


- 17.1(K) 

- 278 

100 

- 7210 

- 17.200 

- .3.35 

200 

- 7180 


- 375 

300 


- 17..3(K) 



Z. physik. Chem., 58, 449 (1907). 
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For gases, the heat of solution AH is negative, which is also true, as a rule, 
for liquids; for solids, it may be either positive or negative. Tte explanation 
of this is simple: if one assumes that AH is always negative for a gas, then the 
sign of AH for a liquid depends on whether the heat of vaporization is greater 
than the heat of solution and for the solid state on the difference between the 
heat of sublimation and of solution of the corresponding gas. 

Thomsen * pointed out that, as a rule, the heat of solution of difficultly 
soluble substances of similar chemical properties is greater the more insoluble 
the substance is. 

The heat of precipitation is the negative value of the heat of solution. 
Table XXVIl gives values for the integral heat of solution of a number of 
metallic compounds. 

TAPLE XXVIl 

iNTEdUAL Heats of Solution for Mktallio Comfounds 


Suhntiinco Mol.s. HzO per A// 

Mol. Salt 

LiOH 400 - 5.800 

NaOH 200 - 9,900 

KOH 2,50 - i;i,;ioo 

hiiCh 400 2,100 

Ua('lj2ll30 400 4.9(M) 

VeCU - 17.9(M) 

EoCli4Hj() 400 - 2,750 

raPrj 400 - 21,510 

CalIrsOHjO 4(K) 1,100 

ZnS()4 400 - 1.8,400 

ZnS(047IIa() 4(M) 4,200 

Ca(N()8)i 400 -.4,9.50 

Ca(N()j)j4lh() 41K) 7,250 

raS<)4 -4 4(H) 

(’atWilljO « .400 

Calj 400 - 27,700 


Comparing the heats of solution with one another, it is seen that anhydrous 
salts which can be in equilibrium with their saturated solutions at room temper- 
ature usually ilissolve with an ab.sorption of heat while anliydrous salts which 
form hydrates at room temperature generally di.ssolve witli evolution of heat 
since their heats of hydration are generally very large. 

Thermochemistry of Electrolytes: When one mixes two dilute salt solutions 
and a precipitate is not formed, there is usually no heat effect. This is the 
so-called Law of Thermoncutrality of Salt Solutions. There are a few excep- 
tions to this rule where an unionized salt is produced by the reaction 

2KCI aq + IIg(NO,),aq = 2KNOjaq + HgCbaq; AH = ~ 12,400 cals. 

The difference between the heat of formation of two salt solutions having 
a common ion depends on the nature of the two other ions and is independent 

‘ J. jjrnkl. Chan.. (2) 13. 241 (1876). 
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of the common ion. 


iHj + JCl, + nq = HCl aq; 

All = 

- 39,320, 

iH 2 + ^l 2 + aq = HI aq; 

MI = 

- 13.170, 

icii + HI aq = Uj + HCl aq; 

MI - 

- 26,150. 

K + JCI, + aq = KCl aq; 

MI = 

- 101,170, 

K -j- -T aq = Kl aq; 

MI = 

- 75,020, 

fCl, + KI aq = §1. + KCl aq; 

AH = 

- 26,150. 

When the Iodide ion is replaced by dilorine in a diluie aqueous .solution 

forming iodine, one always ob.serves the^ine heat absorption. This does not 

hold for the replacement of the iodine in KIO 3 

by chlorine since this is not an 

ionic reaction. 



The heal of nentralizntio)} of a strong acid by 1 

i strong base has aj)proximntely 

a constant value independent of the acid or base used, a 

s is seen from a guince 

at Table XXVIII.* 



TAHLK XXVIII 



Heats ok Nkutu\mz\tion 


.\ci(l and 


A// 2 * 3 “ 

KOH aq + HC'l nq 


- 

NaOH H(i 4- Iin aq 


- la.Too 

LiOH aq + IK’l a(| 


- ia,(iao 

KOII a<j + lINOi nq 


- i;{,7nr, 

NnOlI n(| + HNOa a(| .... 


- la.us.') 

IaOH aq + HNOa aq. . . . 


- 1 . 4,7 ir> 


The explanation of this striking roKularity follows at once from the llu'ory 
of electrolytic dissociation. Accor(linf^ to this theory, tlie only reaction takinR 
place Is clue to the comhination of tlie hydroKO'i ion of the acid witli the liydroxyl 
ion of the base. 

11+ + Oil- = IM); cals. 

If tlie acid or base is only partially dissociated, the heat elTc'et accorniDinyinn 
its neutralization with a eompletcdy dissoeiat('d base or .aeid corrc'sponds to 
the heat of neutralization plus the heat dissociation of the acid or base used. 
In the following table are given values for the heat of neutralization of weak 
acids with sodium hydroxide. 

TAHLK XXIX 


Heats of Neutkauz^tion of Weak A( les with SoaioM Hvdic^xidk 


Acid 

Ileal AUv»rl>ed 

Heat of DiMHoe 

Acetic 

- ]:i,400 

- 3(K) 

Dichloracotic 

- 14,8.40 

11.40 

Pho.sphoric 

. . - 14,8.40 

11.40 

Hydrofluoric 

- 10,270 

2.'>70 


• RicbanlH and Rowe, J. Am. Chem. h(JC., 44 , (iS-t (VJ22). 
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If a dilute solution of the salt of a weak acid and a strong base is mixed 
with a strong acid, the weak acid is set free and a heat effect is observed com- 
parable to the heat of dissociation of the weak acid. 

Thomsen mixed sodium fluoride and hydrochloric acid and measured the 
heat absorbed by the reaction 

NaF aq + HCl aq = NaCl aq + IIF aq; AH = - 2360 cals. 

This value is not very different from that given in the preceding table. 

When a formula weight of a di- or polybasic acid is neutralized in steps, 
the heat effects for the successive stages are generally different. When phos- 
phoric acid is treated with sodium hydroxide at 18° C., the following values 
arc found: 

H,P ()4 + NaOH; AH = - 14,800, 

Nair 2 P ()4 + NaOIl; AH = - 13,600, 

Na 2 HP 04 + NaOH; AH = - 500. 

Heats of Adsorption and Wetting 

Since the amount of adsorption increases rapidly with decreasing temper- 
ature, it follows from tlie van’t Hoff-Le C’hatelier law that adsorption must 
bo accompanied by a considerable evolution of heat. Favre,* Chappuis,^ 
Mond, Ramsay and Slnelds,* Dewar,^ Titoff,® Lamb and Coolidge,® and Beebe 
and Taylor ^ have carried out quantitative investigations on heats of adsorption 
of gases on solids, mostly starting with the solid in an evacuated vessel and 
admitting the gas to atmospheric pressure. These measurements of the integral 
or total heat of adsorption are comparable to a heat of solution. The differ- 
ential heats of adsorption obtained over small pressure ranges are more suitable 
to theoretical treatment and can be likened to a heat of dilution. 

In the case where the weight of a<lsorbed substance is lield constant, with 
varying temperature and pressure, the heat of ad.sorption (isosteric) corresponds 
to a heat of vaporization and cun be calculated from the Clapeyron-C'lausius 

equation. For a certain value of - (weight of adsorbed substance per unit 

m 

weight of adsorbent) there is an equilibrium pre.ssure />. At a temperature dT° 

higher, for the sanu' value of — , the pres.sure has increa.sed to p -}- dp. The 
m 

value for the heat of adsorption is given by the ecpiation 

(42) 

» 2 tn». Chim. Phys., (f.) 1. 20‘) (1871). 

» Wied. /Inn., 19, 21 (1883). 

*Z, physik. Chem., 25. 657 (18‘)8). 

*Proc. Roy. Soc., 74 . 122 (1904). 

»Z. physik. Chem., 74 . 641 (1910). 

• Am. Chem. Soc., 42 , 1146 (1920). 

T J. Am. Ch«m. Soc., 46 , 43 (1023). 
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Now, 

” (f'-iloKp), • (43). 

(IT log e 

where the temperature eoefficients of the etpiation for the adsorption isotlierm 


X 

711 




are given by tlie equations 


<1 log Of 


and 




71 

(I T ‘ 


Hence, 


AH = - RTK^ - ^ log p). 


(44) 


(4r>) 


(40) 


(47) 


where p is expressed in cm. of mercury. This equation has be(*n tested by 
Titoff. He evaluated ^ and ^ through nu'asuremenis of adsorption isotherms 
at different temperatures on coconut (diarcoal and dct(‘rmincd the heat of 
adsorption, using an ice calorimeter. Table XXX shows the agreement be- 

X . 

tween the calculated and obs(‘rvcd value.^;. For Titoff’s calculations - is not 

constant, but the change in it is much smaller than in p and one can make a 
calculation employing a mean value of p. 


TABLE XXX 


Heats or .Ausoki'TIon <»n ('iiauccjal 


Cl as 



A// (calc.) 

A// ((»1>H.) 

Nitrogen . 

(’arlmii dioxide 
.Aiimionia .... 

o.ui.to: 

0.01421) 

0.02108 

0.00297 

0.(H)177 

0.00987 

~ ;i870 

- 0483 

- 7704 

- 4548 

- 0514 

- 7928 


The following table is due to Chappui.s. 
' Freuiidlich, Kjjpillarcheinic, 1922, page IGl. 
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TABLE XXXI 


Hkat8 of Ad8orption on Charcoal 


Cum 

r 

— Before 
rn 

“ After 

p in Cm. 
Before 

p in Cm. 
After 

Ml 

Heat of 
Liquefaction 

Air 

0 

7.44 

0 

70.47 

- 2,400 


(X)i 

22.0 

44.1 

S.22 

30.32 

- 7,300 

- 0250 

NH3 

10.') 

131 

12.25 

22.25 

- 8,100 

- 50(X) 

HOj 

70 

90.0 

7.00 

45.1 

- 10,900 

- 5000 

CHCl, 

02.2 

72.3 

17.48 

07.54 

- 10,700 



Variation of Heat of Adsorption with Pressure: As could be predicted from 
equation (47), tlie heat of adsorption decreases with increasing pressure. 

TABLE XXXII 


Adsorption of Ammonia on Mkbrschaum at 0° 


p in 

Cm. 

— Before 
m 

— After 
in 

AH 

Before 

After 

0 

0 

0 

24.2 

- 20,500 

0 

0.5 

24.2 

48.3 

- 12,700 

0.5 

3.71 

48.3 

72.3 

- 11,300 

2.93 

21..')0 

72.3 

95.3 

- 8,970 

21.50 

57.5<1 

95.3 

117 

- 7.01X) 


For adsorption of gases on indifferent su))stances, the reaction concerned 
appears to be of a purely physical nature and tlie lieut effect observed corre- 
sponds to the heat of vaporization and a heat of compression. It will be seen 
from Table XXXI that the heat of adsorption is greater than the heat of 
liquefaction. 

Dewar working at — 185° C. measured the integral heat of adsorption of 
several gases on charcoal. 

TABLE XXXIII 

Heats of Adborption on Charcoal at — 185® C. 


Caa A// Hciit of Liquefaction 

Hj - 1000 - 230 

Ni - 3080 - 1372 

Ar - 3030 

Oi - 3744 - 1004 

CO -3410 


Lamb and Coolidge, measuring the heats of adsorption for some organic 
vapors on charcoal, find a relation h = nix’*, where h is the lieat evolved per 
gram of gas-free charcoal, x the number of cc. of gas adsorbed per gram of 
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charcoal, and m and n constants for the vapor considered; n is found to be 
nearly unity, so that there is an almost linear relationship between heat of 
adsorption and amount adsorbed. Assuming this to corresjxjnd to a heat of 
compression, they calculate a pressure of 37,000 atmospheres when 1 cc. of 
liquid is adsorbed by 10 grams of charcoal. 

Mond, Ramsay and Shields * have measured the heat of adsorption of 
oxygen on platinum black and obtained a value of Ml = - 17,000 cals, as 
compared with All = — 17,700 cals, determined by Thoins<'n for the reaction 

rt + 10 , 4 - H 2 O = Pt(()II)2. 

Beebe and Taylor determined the heat of adsorption for hydrogen on finely 
divided nickel and obtained values ranging from Ml = - 14,300 cals, per 
rnol. to AH = — 20,000, the larger value being for the j)o<)rer adsorbent. The 
differential heats of adsorption for hydrogen on nickel are constant for the 
pressure range 0-700 inm,, pointing apparently to a specific chemical action. 
A similar value to the above is obtained from tlu* adsorption isosteres for 
hydrogen on nickel.'^ 


TAHLK XXXIV 

Adsokptio.v Isohtkkkm fou IhnuooKV ov Nickfl 


Hj Ad.sorbod 

/ 


Pi 

21S° 

ihr 

Pi 

(i.7 

SS mill. 

17 Him. 

.'i.lH 

0.9 

12S “ 

21 • 


0..1 

.11 

0 “ 

."i.OO 

Av. . . . r>.4 ' 


Integrating the (’lapeyron-C'lausius ecpiation, we obtain 

MI = X X rj'''- X ■ (4S) 

It - h l>t 

Inserting the above values, we obtain 

AH = - 22,100 cals. 

Heat of Wetting: The heat of wetting is the heat absorbed when a solid 
surface and a liquid surface are brought togetluir. It is the same ([uantity 
as the integral heat of adsorption of a vapor at its saturation pressure. Parks ^ 
has shown that the amount of heat absorbed is proportional to the surface. 

• Z. physik. Chem., 25. 0.57 

* Gauger and Taylor, J. Am. C/wm. Soc., 45, 920 (192.1). 

» Phil. Mag., (t>) 4 , 240 (1902), 
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Schwalbe ’ has shown that the heat of wetting of hydrated silica is negative 
above 4® C. and positive below that temperature. These experiments support 
the idea that there is a distinct connection between adsorption and com- 
pressibility. Gaudechon * obtained the data in Table XXXV for different 
adsorbents and liquids. The powders were dried at 100° C. 

TABLK XXXV 


Hkat ot' WKri'iN<} FOK 1 G. Adsokdknt in Guam Calories 


Li<|ui(l 

Adsorijent 

Sugar Ghar 

Alumina 

(Quartz 

Water 

- 12.0 

- 1.5.3 

- 3.9 

Motliyl alcoliol 

- 11.0 

- 15.3 

- 11.5 

Kthyl “ 

- 10.8 

- 14.7 

- 0.9 

Propyl "... 

- 10.2 

- 13.5 

- 5.0 

Amyl " 

- 10.1 

- 13.5 

- 3.7 

Formic! acid 

- 12 

- 14.5 

- 12 

Ac'ctio " . . 

- 9.3 

- 13.5 

- 0.0 

Arctono ... 

- 8 

- 13.5 

- 3.0 

Garlxm tetrachloride! . 

- 1.8 

- 8.1 

- 1.5 


The action of water vapor on dried cotton wool ® is v(‘ry interesting. If the 
bulb of a thermometer be covered with carefully dried cotton wool and then 
dipped in water at the same temperature, the thermometer will rise 8°-12°. 

Heat of Coagul.\tion of Colloids 

The heat of coagulation of colloids or its conver.se, the lieat of jieptization, 
is the heat change involved in the .subdivision of a solid to particles of colloidal 
size. If colloidal solutions are analogous to true solutions, this heat effect 
should be analogous to a heat of solution. Kruyt and van der Spek ♦ found no 
measurable change accompanying the coagulation of arsenious sulfide hydrosol. 
Browne and Matthews ® have measured the heat of coagulation of ferric oxide 
hydrosol of varying ])iirity with different electrolytes. The heat effects ob- 
served are attributed to the action of the electrolyte in the coagulant upon the 
electrolytes, particularly ferric chloride present in the sol. With very pure 
sols the heat change is practically negligible: 1-2 cals, per gram equivalent of 
ferric oxide; one can say that for ferric oxide also there is no heat of peptization. 

> Drud. Ann., 16, 32 (1U05). 

*Corr» 7 ;<. rend., 157, 209 (1913). 

* Masson, Proc, Roy. tioc., 74 , 2.30 (1904). 

« KoUoid Z., 24 , 145 (1919). 

Aw. Chem. Soc., 43 , 2.3:10 (1921); 45 . 311 (1923). 
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Heat of Hydration of Gas Ions 

Born ^ has introduced a new thermocheinical magnitude which ho terms 
the lattice energrj of crystals and which is defined ns the energy necessary for 
the formation of free gaseous ions from crystals. He lias calculated this 
magnitude for a number of crystals from a knowledge of their molecular volume. 
Fajans ^ has shown that this complex t'lTect may lie e«)nsidered as the sum of a 
number of simpler reactions. Introducing a new magnitude, the heat of hydra- 
lion of gas ions, he shows that the heat of solution of a salt is the dilTerence 
between the hgat necessary for the dissociation of the crystal into free gas ions, 
i.e., the lattice energy, and the heat of solutions of these same ions in water. 
It is this latter quantity which is designated as tlu^ heat of hydration of the 
gas ions. According to Fajans, one is to assume that in the solution of tli(‘ 
gas ion the opiiositcly charged parts of the polar water molecules in its maghbor- 
hood are oriented towards the ion and they in turn act iqmn molecules farther 
away. 

K'*' ({/) + Cl" (g) - KCl (.s) + U 

KCl js) 4- aq 

(g) + Cl“ (g) + a(i = K-* a(i -f- Cl" aq ( 0 L) 

where U is obtained from lattice energy data, E is the heat of solution and 
(^U ^ L) = W, where W is the heat of hydration of the gas ions. Fajans gives 
the following table of value.s for IF for a number of alkali halides. 


T.\HLH X.X.XVl 

Salt 

It salt 

Salt II salt 

Lid 

- 187,000 

- 180,500 

- 1.50,000 

- 1.50,000 

- 151,000 

- 1.50,000 

LiHr - 17K.0O0 

Nalir - 171.000 

KHr -• 150,000 

NaCl 

KCl . . 

UbCl .... 

( ’sCl 

I'lCI 


H'twit 


- 1 OK, 000 

- ir>o,ooo 

- i:e.>.ooo 


The values of W for the salts are purely a<lditive quantities, depending on 
the values for the individual gas ions, so that, if dilTerences are taken for a 
series of salts for two metals with common cation, the sanu^ values should be 
obtained. Table XXXVII illustrates this. 


TAHhK XXWII 




Cl 

Hr 

I 

W’Llf - 

- Wk^ 

- Wk^ 

- 2K,(K)0 

- 21,500 

- 2K,(MK) 

- 21,000 

- 29,000 

- 20.000 


* Ber. deut. physik. Ges., 21, 13 (191!>). 

* Ber. deut. phyaik. Oes., 21, 510, 711 (1019). 
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Fajans * has developed another method for determining the differences 
between the heats of hydration of two gas anions independent of the lattice 
energy concept. The method emidoyed is illustrated by the following process: 


K («) + aq = K+ aq -(- Oil" aq + llh {g)\ 

AH = 

- 48,100, 

(a) 

H'*' aq -f OH“ aq = aq; 

AH = 

~ 13,600, 

(b) 

K(.s) + H+aq + JH,({/); 

AH == 

- 61,700, 

(c) 

K(fy)= K(s); 

AH = 

- 21,000, 

id) 

K^ig) -}- 0 = K{g); 

AH = 

- 99,000, 

ie) 


All = 

+ 45,000, 

if) 

H (g) = IlUg) + 0; 

AH - 

312,000, 

ig) 

whence 




((/)-!- 11+ aq= ir^((/) + KNiq; 

All = 

175,000, 

(h) 

and since 




n+((/) 4-aq = 11+ aq; 

All = 


ii) 

K+ (o) + aq = a(|; 

All = 


U) 


equation {h) gives us 

- IFk' = - 175,000 cals 


Equations (a) and (I/) give the heat effect of two reactions that take place in 
solutions, (d) gives the heat of sublimation of potas.sium, (/) the heat of dis- 
sociation of hydrogen, (c) the heat effect corresponding to the ionization 
potential of potassium and Oj) that corresponding to tlie ionizati(»n potential 
of atomic hydrogen. Other reactions luive been workeil out in an analogous 
manner and the following values obtained: 

^^Na' - = - 16,000 ± 4000 cals., 

= - 6000 ± 4000 cals. 

Thc.se values agree fairly well with those calculated from the lattice energy data. 

The values for the heat of hydration of individual gas ions can be calculated 
from a knowledge of absohite electrode potentials, Horn - has compiled a 
table for heats of hydration of individual gas ions. 

TABLE XXXVIll 


Hkath op IIydkation of Gas Ion.s 


Ion 

A// 

Ion 


H 

— 202,000 cnis. 


- 74 .(KM) cals. 

Li+ 

. .. -110,000 



Gl- 

- 77.(KK) 

Na+ 

- UKUKK) 

Hr- 

- 08.(XK) 

K+ 

- 82,000 

1 “ 

. - rti.m) 

Rb^ 

. ... - 7:1.000 



* Ber, deui, physik. Gen., 20, 71*2 (U)1SL 

• Ber, deal, phyaik. Ges., 21, 070 (1019). 
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These values are, however, still tentative and much work remains jo bo 
done in this field before completely satisfactory values are obtained. 

Heat of Evaporation of Electrons 

An isolated hot solid in equilibrium with its electronatiiUKsphereisthesystem 
to be considered. There are n electrons per unit volume in this atmosphere, 
exerting a definite jiressure p. The relation between this pressure p and the 
temperature 7' can be calculated from the .M'cond law of Tlu'rmodynainics, 

(/.S' = ^ (((r + rfir). 

The change in internal energy of the electron atmosphere is vv<f>, where 0 
is the change in internal energy of the .systtun accoinjianying the transfer of 
an electron from the hot .solid to tin* enclosure and v is the volunu* of the en- 
closure. Hence, 


+ M’] 

1 r d(»0) 0(n<i>) 

= — r dy -j- n<l)(ir -f r ^ d / -f pdv 
7' 1 do d'T 


(IS ^ 1 r 

Ov ~ T [ ^ 


I- a0 -f p 


dS _ V d(//0) 

(1T~ T i)T 

Since the entropy of the .system is a comj)l(‘tc dilTcrential, 

d'^S ^ fS 
dTdv ~ dvdT ’ 


+"^ + '-J + r[".w+ .»■ +,/rJ’ 

OTdv J’L O'l' i ''’L J’ 


T n<f> + p 
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where € is the eleineiitiiry charge of electricity. 

Richardson and Cook ^ have developed a method for measuring directly 
the quantity <t> which is the heat of evaporation per electron. The experi- 
mental arrangement, as given by them, consists of a Wheatstone bridge 
one arm of which contains the filament under consideration. A number of 
special precautions have to be taken to avoid troublesome disturbances such 
» Phil. Mao., 25 , 024 ( 1913 ). 
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as the action of the thermionic current in upsetting the l)alanee of tlie bridge. 
For full details the reader is referred to the original paper. 

In the experiments, the temperature of the fdament was controlled by 
the current in the Wheatstone bridge. The electrons emitted from the filament 
flow to the cylinder; by reversing the potential bet^^een the filament and 
the cylinder, the thermionic current could be suppresMal. If T and are the 
temperatures of the filament and leads respectively, then the total loss of heat 
from the filament due to the thermionic current is 

a[0 + U{T - To)], 

where ^iikT is the kinetic energy of the electron^ aftc'r leaving tlie filament and 
]nkT(i is that of the electrons flowing in from the leads. 

In carrying out the experiments the curn'iit was first nu'asured which was 
recpiired to keep the filament at a definite temiierature with no electron emission 
and then the current determined to keeji the filament temjieraturc constant 
with the thermionic current flowing. 

Let R = resistance of th(‘ filament. 

?’ = current flowing through the tilament with no ('l('cjron emission. 
i -f- di = current flowing with electron emission. 

Then, 

Rii + d,y - Rr - 2l{i di 

is th(^ additional heat refiuinai to compcMisati' fetr the heal lost by emission. 
Kiiuating these two (luantitu's 

2Ri di = n[<}> -I- ]k{T - V’o)]. 

in which all the tmins an' known excc'jit </>. 

'J able XXX JX gives a .si'ric's of values obt aim'd when' 0 is I'xpressc'd in ('(piiv- 
alent volts. 

TAMLi: .\.\.\I.\ 


Sulistanro 

0 

TiinKsten 

1 1.". 

Tantnluni 

1.17 

O.'^inium 


Molyhdriiuiii 

1 1 

Carbon 

i.r.i 


The same authors liavi* also develojicd a method for measuring tlu' heat of 
condensation of electrons ' which can la* used for metals of low melting point, 
but the probable errors are much larger and tin* results not so satisfactory as 
in the above. 


« Phil. Mag., 20, 173 (lUlO). 
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THE LAWS OF DILUTE SOLUTIONS 

BY J. C. W. FHAZKlt. Ph.1)., 

ProfiUHOr of ('hcnmtry, Johns Ilopkinti T/i/im. ■.////, Unllimoic, Md. 


The present chapter is devoted to a eon.siderafion of tliose K<‘i*f‘ralizations 
which have been found to exist between the inannitude of certain (eollif^ative) 
properties common to all solutions and the efTeeton these properties of channinu 
composition of the solution. While the redations that exist among these 
properties for a given solution are sueh that, knowing the magnitude of one, 
under fixed temperature and pressure conditions, the others may be caleulate'd 
by the use of the principles of thermodynamics, tlu^ etTeet of changing com- 
position is much nutre complicated, and whih* tlu' g(‘neral (‘fT(‘et of changing 
composition is (pialitatively the same in all eases, this (‘fTeet is by no means 
capable of the same exact mathematical treatment as an; tlu' mutual relations 
existing among the oth(‘r properti(‘s of solutions alluded to above. It will, 
therefore, be necessary to realize that tlu' application of thermodynamics to 
the colligative properties of solutions is eapabh' of eoneis(‘ statement only in 
sueh cases where the effect of changing ectinpo.vition on thes(‘ proi)erties is 
capable of quantitative expression, i e., in the ease of the so-called “jx'rfect” 
or “ideal " solutions. 

A jierfeet solution is one in which the volume change accompanying a small 
dilution is additive, and no effect is noted otlmr than the alteration of the volunu' 
of the solution, similar, in a way, to the chang<‘ of volume of a pi'rfect gas when 
it expands into a vacuum. The absence of anv heat effect on dilution is a g«)od 
criterion that a solution is ideal. The deviation of a solution from hhaility 
depends on the nature of the constituents of the solution, tlu' soluti; and solvent, 
and on the concentration of the solution. Increase*! dilution, in general, 
causes all solutions to approach the idiail condition, lh(‘ nature »>f the c(»m- 
ponents determining to what extent *lilutioii must be increasetl before ideal 
conditions are realized. This range of comamt ration over which the relations 
derived for ideal solutions may be expected to hold will, therefore, vary with 
the nature of the individual substances concerned. Jn many cases, it will be 
found that perfect solutions are not r(>alize*l at greater concentration than 
0.01 M (in .some cases at much smaller concentrations), while for some, prac- 
tically perfect solutions may be formed at much greater concentrations. In 
order to treat the subject in a general way, it will be necessary to limit con- 
sideration to perfect solutions, so that the present chapter is limited to a dis- 
cussion of dihitc solutions formed when only two substances arc present in the 

m 
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solution. In order to simplify the conditions as much as possible, it is further 
assumed that only one of these constituents is volatile and the vapor phase is 
composed of molecules of this constituent only. 

Definition: A solution is a one-phase system consisting of two or more 
molecular species not transformable one into the other. It is, therefore, a 
homogeneous physical mixture of the various molecular species in question. 
Not every pair of substances will form a solution to a noticeable extent when 
they are brought in contact, and the extent to which they will mix to form such 
a solution will vary greatly with the nature of the substances concerned. 
Further, as we shall see, the extent to which solution takes place is so varied 
that substances ordinarily considered insoluble will show, on close inspection, 
some evidence of solubility. Our ideas of soluble and insoluble substances are 
therefore relative. For example, water and mercury, when shaken together, 
will soon separate as a two-phase system and the mixture is not a solution. 
Water and alcohol, on the other hand, will form a single-phase system when 
they are mixed in any proportions whatever. These two pairs of liquids repre- 
sent qualitatively the extremes as regards solubility. Others, such as water 
and benzene, occupy an intermediate position as regards solubility, and will 
usually give rise to a two-phase system. Fiach phase will bo found homogeneous 
and will contain a measurable amount of each constituent. One phase will 
contain a small amount of water dissolved in a large amount of benzene; the 
other will contain a small amount of benzene dissolved in a large amount of 
water. Fach phase is, therefore, a solution according to the above definition. 
In most cases, especially solid-liquid mixtures, solution occurs only to a limited 
extent, as in the case of sugar and water, and the .solution is said to be saturated 
(when this limit is reached). 

From the recent work of linker ' it is not unreasonable to expect that solu- 
tion actually may take place to a limited extent in many cases where the sub- 
stances are usually regarded as insoluble, but the amount required to produce 
saturation is so small that it is measurable only indirectly by the change pro- 
duced in certain properties of the pure solvent. For instance, water is not 
regarded as soluble in mercury, but by taking extreme care to remove all traces 
of water from mercury, Baker has found the boiling point of the mercury may 
be raised considerably above its ordinary boiling point. Wo should therefore 
realize that solubility is a universal property of all substances varying in extent 
from an immeasurably small, though effective, amount to an infinitely great 
amount. In general, the more closely the constituents are related chemically, 
the greater will be their mutual solubility. However, this has no bearing on 
the definition of a solution as given above. Mercury may not be capable of 
dissolving water to a measurable extent but the small amount taken up would 
be a solution of water in mercury. In the same way water and benzene 
mutually dissolve to only a limited extent, giving a two-phase system, each 
phase being a solution. 

If tliis two-phase system water-benzene is shaken or stirred vigorously, 

> J. Chm. Soc., 121 , 668 ( 1922 ). 
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the phases may be further di^persed, but tlie result is not a homogeneous phase, 
nor do the benzene and water remain dispersed after agitation ceases; separa- 
tion of the two original phases begins and the system soon returns to its original 
condition with its two phases completely separated. In many cases, when two 
substances arc mechanically dispersed, .separation is much .slower and may give 
the impression of permanence; wlnm the dispersion is brought about under the 
proper conditions and to a suflicient extent, the separation of the constituents 
of the mixture into two clearly delined ])ha.''es is so extremely slow that tlu' 
api)earance of permammcc is very deceptive. Xeverthele.s.s, with suHicieiit 
time and care in the examination of such ca.ses, it can usually be shown that 
separation is actually in ])rogress and the disp(Tsion is not permanent. Such 
solutions are known sometimes as pseudo-soluti(ms or more gcmerally as 
“Colloidal Solutions.” Such cases do not come within the definition of s(»lu- 
tions given above. They arc neither molecidarly disper.setl systems nor 
permanent, and, hence, may not be treated in the .same compn'hensive way as 
true solutions. In addition to the condition that a solution contains its con- 
stituents molecidarly dispersed as a homogemams pha.se, the system once pro- 
duced is permanent. It will therefore form spontaneou.sly when the constit- 
uents are brought into material contact. 'Phis is a fundanumtal distinction, 
since, like all processes which occur sjiontaneously without the application of 
outside influences, it may be maih*, by u.se of a suitable mechanism, to yield a 
certain amount of u.seful work, or, convcrselv, such a .solution having once been 
produced, a di'finite amount of work must be expemiial to si'parate its constit- 
uents. The calculation of the maximum work .so obtainable makes possible 
the application of thermodynamics to the stinl\ of solutions. This ch'arly 
ditTerentiate.s solutions from such colloidal s(tlutions where the natural change 
is in the reverse direction. For examph', a colloi<l;d solution may lie fornu'd, 
but careful observation (color chang(‘, chaiigi' of viscosity, etc.) shows that th(‘ 
system is undergoing change and, tmally, I he change progri'.sses to such a degii'e 
that close inspection reveals a lack of homogeneity, ('olloidal solutiims con- 
tain constituents highly disiiersed in om* another; they arc not molecidarly 
dispersed, how'cver,' and an* intermediati' between true .solutions and coarse 
suspensions that are evidently heterogeneous. 

Reference has been made' abovi; t<t the constituents of a .■solution. By this 
term is meant any one of the j)urc chiumcal substances whose moleeular dis- 
jiersion results in the formation of a solution. With the exc*‘ptions noteil 
below, each chemical substance furnishi's Imt «me kind of nioh'cule and the 
constituents of a solution indicate the dilTereiit molecular siiecies which occur 
in a .solution. Associated substance's, such as water, and many other oxygen 
compounds such as the alcohols, are recognized as pure substances since, while 
they furnish more than one molecular species (water, for example, being an 

‘ Zsigmondy’s colloidal gold Ims-h .shown hv .‘Sclifrrcr (Knlloidrhcmu-, Zsig!nr>ady, 
|). 405, Fourth Edition, Loinzig, of pari ides contiuning 380 atoms. Simh 

particles are small, viewed from the ‘standpoint of colloid chcmiMlry; they arc cvidciilly far 
from being molecularly disjicrscd. 
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CQuilibriuni of the molecular species HjO, (HjO) 2 , (H20)8 and perhaps others), 
this equilibrium is established so rapidly that there is no experimental evidence 
of water having variable properties under the same conditions. Such sub- 
stances are treated as pure substances having the molecular composition of 
the vapor phase; in the case of water, as being composed of H 2 O molecules, 
since this is the molecular composition of the vapor phase.* 

Classification: The three physical states of matter, solid, liquid and gaseous, 
which we have in the case of pure substances, extend also to solutions so that 
this subdivision of solutions is both natural and convenient. 

Gaseous Solutions: In the case of gaseous solutions the molecules are so far 
apart that, in the absence of chemical action, they are in most cases practically 
without inlluenco on each other, us shown by the absence of heat effects on 
mixing and the relatively small effect when they are allowed to expand into 
a vacuum. Under such circumstances the physical properties are related to 
those of the constituents in the simplest way. In the first place, owing to the 
small mutual attraction of molecules in the gaseous condition, ga.ses mix in all 
proportions to form true solutions. It is not surprising to find that in gaseous 
solutions each constituent retains its physical properti(;s unchanged and most 
of the physical pro|)ertics of such solutions are therefore additive and may be 
expressed simply as the sum of the magnitudes of each constituent with respect 
to the property in question. 

Thus, if wo consider the magnitude P of any such i)roperty of a gaseous 
solution, it may be simply expressed as follows: 

P= /ViVA + Po/oY« + •••, 

where Pqa, Po«, • • • are the magnitudes per mole of the gases A, li, • • • and 
Na, N n, • • • are the moles of the individual molecidar species .1, P, • • • present 
in the solution. Dalton’s law of ])artial pressures is an illustration of the 
application of this relation. Other physical properties may be similarly ex- 
pressed. The proi)erties of gaseous .solutions may be treated satisfactorily by 
the application of the gas laws and the above relationship. 

Solid Solutions: In certain cases two solids may form physical mixtures 
that are homogeneous and therefore must be classed as solutions. As examples 
of this typo of solution there are certain mixe<l crystals and certain alloys.** 
Equilibrium in such systems is reached with great slowness and, consequently, 
measurements are made very uncertain on account of the uncertainty as to 
what represents the true .state of equilibrium. The laws of solutions may be 
applied here only as an approximation. The same is true to a large extent in 
certain cases of liquid solutions with high viscosity. 

Liquid Solutions: Liquid solutions are by far the most important as most 
chemical reactions are brought about in liquid solutions both in the laboratory 
and in nature. An enormous amount of work has been done in order to gain 
a knowledge of the physical behavior of the constituents of liquid solutions as 

‘ ‘ Kendall. J. Am. Chan. Soc., 42 . 2477 (1920). Menaios. ibid., 43 . 851 (1921). 

* vun’t HolT. Z. physik. Chan., 5. ,T22 (1890). 
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this must form the basis for the interpretation of the conduct of these con- 
stituents under all circumstances. Practically all that follows is therefore 
written from the standpoint of such solutions. 

Composition of Solutions: Mention has already been made of the constit- 
uents of a solution, meaning thereby the chemical substances the interminglinK 
of whose molecules forms the solution. Thus, sugar, when brought in contact 
with water, dissolves and continues to exist as sugar in the solution, from which 
the sugar may be recovered unchanged. Sugar and wat('r are here the constit- 
uents of the solution and the molcc!des of sugar and the molecules of water 
are the molecufar components of the solution. An arbitrary distinction is 
nearly always made between the constituents, chietly on account of the fact 
that in most cases the solubility is limited. Thus, in the case' of sugar and 
water, solution will take place only to a limit(*d extent and the solution is then 
said to be saturated. When this occurs, then* will be an excess of wat(‘r in tin* 
solution but little if any of the water will dissolve in the excess sugar. Water 
is said to have a solvent action on sugar and water is referred to as the solvent 
and sugar as the dissolved substance or solute*. These terms nre used in this 
way generally for solutions form(*d from liquids and (*ith(*r gases or solids, the 
liquid constituent being termeel the solvent and the other constituent the solute. 
In many cases, especially when dealing with two lieiuiels, the distinction is 
quite arbitrary. For example, water and alcohol mix in all pro))ortions and 
the distinction between solute and solv(‘nt might bi* r<'ver.s(‘d or lose its signifi- 
cance. Again, two liquids, such as Ix'iizene ami water, form two layers in 
which the relative quantities of the two constituents are rev(*rs(*d. In such 
ca.ses the solvent is usually the constituent present in larger (piantity. This 
distinction of solvent and solute is largely for conveni(*nce as there is no theo- 
retical distinction, except that, in dilute solutions, the solvent is practically a 
continuous pha.se in which the ^olute is molecularly dispersed. Wo could 
therefore distinguish the two constituents of a solution on this basis as the 
continuous and dispersed con.stitm‘nts. 

Method of Expressing Composition of Solutions: The early method of ex- 
pressing composition in terms of the i)crcentage.s by wi'ight of the various 
constituents of a solution, though convenient for mialytical purposes, is never- 
theless unsuited for theoretical considerations. As we shall .see later, the 
properties of solutions which we shall co?»sider are deti^rmined, not l)y the 
relative weights of the substances pre.^ent, but rather by the relative number 
of molecules of the constituents i)rc.sent in tin* solution. Such properties of 
solutions have been designated by Ostwald as colligative properties. It is 
therefore evident that the logical and convenient method of exprc.ssing the 
composition of a solution is in terms of gram molecular weights or moles. This 
method of expressing compo.sition shows its value, as we have seen, in expressing 
the physical properties of ga.scous solutions. The mol-fraction method of ex- 
pressing the composition of solutions is explainable as follows: if a solution is 
composed of Na gram moles of con.stituent A and N u gram moles of constituent 



230 


A TREATISE ON PHYSICAL CHEMISTRY 


B, the mol-fraction 


for the constituent A would be 


Na 

Na + Nji 


and for the 


constituent B, 


Nn 


. The expressions 

Na + N li 

usually written Xa and Xn respectively. 


Na 


and - 


Nb 


Na + Nji Na + Nb 
Xa and Xb arc then the mol-frac- 
tions of the respective constituents, or the amount per unit of solution. The 
amount of a substance may bo expressed in moles, equivalents or formula 
weights per liter of solution. Another system expresses these same quantities 
in terms of 1000 grams of solvent inst(;ad of 1000 cc. of solution. Concentra- 
tions (‘Xi)ressed in terms of 1000 cc. of solution and using the above methods 


of expressing the amounts of substances arc known as molal, formal or normal 
concentrations. When 1000 grams of solvent is mad<‘ the basis of calculating 
concentration, we have the composition expressed as weight-molal, weight- 
formal or weight-tiormal concentration. 

The method of exi)ressing the composition of solutions in terms of molal 
concentrations would be preferable provid(ul we had a satisfactory kinetic 
expression for the colligative properties of solutions; while there undoubtedly 
is a kinetic basis for these phenomena, it has not yet been ])ossible, owing to 
the complexity and changing nature of solutions with changing conditions, 
to obtain a general kinetic expression for the behavior of solutions. The effect 
of composition of solution on the colligativ(‘ properties can be best expressed 
as a function of the mol-fraction composition, and, for this r('ason, this method 
of expressing the comi)osition of solutions is used in the following discussion. 


C!olliciative Puopeuties 

Let us now consider the interrelationships existing between the various 
colligative i)roperties of solutions— vapor pressure, l)()iling i)oints freezing 
l)oints and osmotic pressure. The quantitative relationship existing among 
these properties is, as stated at the b(*ginning of this chapter, such that, starting 
with an expression for any one of them, we are able to derive expressions for 
the others. These expressions, including the effect of comjmsition, cannot all 
bo derived on a })urely thermodynamic basis. We must start with some 
empirical fact (the experimental basis of which, however, leaves us no concern 
as regards its validity), on the basis of which we derive an expression for the 
property in question and from which, in turn, we are able by purely thermo- 
dynamic reasoning to develoj) the expressions for the other properties. The 
development of a theory of solutions begins with the work of van’t Hoff ' who 
indicated the analogy existing between the laws of solutions and those of gases. 
The existence of this analogy has led to the conception of a kinetic basis for 
the treatment of the subject which we shall first consider. Though van’t Hoff 
merely iiulicated the kinetic origin of osmotic pressure in a qualitative way, 

physik. Chem., 1, 181 (1887); Ostwald’s Khwsiker. No. 110; J. 11. Viiu’t Hoff, Sein 
Lcl>eu und Werkon, by E. Cohen, Leipxig, 1912; Bcr., 27. 1 (1894). 
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ji complete kinetic theory of dilute solutions has been developed by other 
investigators.' 

In the following section we shall discuss the elementary considenitions of 
the laws of dilute solutions. 

Vapor Pressure Lowering: If we consider a liqui<l and its vapor above it, 
there must exist a definite relationship botwei'u the distribution of any d(‘fiuit(? 
molecular species between the two phases, licpiid and vapor. Siiu’e the pressure 
of a gas is proportional to the number of partich's present i)er unit volume, the 
vapor pressurciof a liquid due to any molecular sjx'cics pre.sent will be prop(tr- 
tional to the number of particles of this molecular species present in the liquid. 
Expressed mathematically, 

p ~ Icvo, 

i the vapor pressure of a liqui<l, p, is ])roportion.‘d to .co, the' mol-fractlon of 
the litpiid existing in tlu' form of the molecular spiM'ics whicli gives rise to the 
\apor pressure, p. If we consider a pun* licjuid in whirls the same molectdar 
species exists in both the licpiid and vai)or phase,* this fraction .1 0 becomes (apial 
to unity, and A', the proportionality factor, c(pials the vapor pn'ssun* of the 
j)ure liquid which wo may expn'ss by y),i. Our e([uafion then becomes 


p = pofo, 


which is the simplest expivssion of Raoult^ law ■' for \apor pressure loWTring 
and states that the vapor pre-Mire of a .'^(^lulion is lU'oport ioiial to the niol- 
fraction of the solvent i)res('nt in tie* solution. .\s is evident from lh(‘ al)ove 
considerations, p is tlie vapor pres, sure due (o a definite molecular species 
present to (he extent of the fraction .n, in the .solution and <loes not indicate, 
for examine, the ^apor pressure that wouhl result if the molecuh's of the 
solvent in th(‘ vapor pha.se were dissociated. Subtracting both sides of the 
above e(iuation from and dividing by this term, we .ddain th(‘ expression 


Po - P ^ 
Po 


N 

A'o d- A’ ' 


where .r will be tlie mol-fraction of the solute pn-scnl in the solution, d he 
term, .V, refers to the mole.s of solute po-s.-nt, luuing the molecular weight of 
the solute in the solution, wliih' V,, is the number of moles of solvent present 
having the molecular weight of the s(dvent in (he vapor state. 

Henry’s Law: Raoult’s ('(piatnm dc\cloj»ed above deals with the vapor 
pre.ssure of the solvent oniv. We haNc. by a more general application of the 


1 L. Holtzinaun. Z. • 6, 174 (ISUO;. 7. SH (IhUl), K. Uierko Pn4., 6, 5114 

(ISUO), It A. W.nlz, ,h,4 . 7, .Wdson. L. N:0.<uor.n. ,ln<l . 30. OHl (IMHl). M. UanKfinurn. 
HaltzmannfcM^chrift, Loipzitf. I'Htl. J.icjtcr. U'o/i. (Ilaj 22. U7'J (101.1); I . Lanuf'Vjn. 

J.Chm. Ph]n.,\Q,yiA {V.ni). ,,, . , , , , 

Un the case uf .a .solvent like «amr. «here «e lane an er,uilil)nun. u. the limn.l phase 
between the molecular .spec.es as re,,re.en1e.l hv the relation tH:<)). ^ (11:0). 

,t can l«‘ ^I.oun. from the ma.s^ action l..«. that the same relationship ih true. 

3 Raoult. Compt. rend., 104, H.'IU (lbS7); I phys^k. Chn„ , 2, 35.1 (ISKK). 
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principle underlying Raoult’s law, an expression for the vapor pressure of a 
volatile solute (gas) in a solution, which expression is known as Henry’s law. 
This law states that the vapor pressure of any chemical substance present in 
a solution is proportional to its mol-fraction or 

p = kx, 

where k is a i)roi)ortionality constant Since the vapor pressure of a substance 
is merely a measure of its concentration in the vapor state, we can express 
Henry’s law for dilute : olut ons of gases in liquids in the form' 

c/p = k, 


which states that the distribution of a gaseous substance between the liquid 
and gaseous phases is a constant. In this equation, c represents the concentra- 
/ . iV 

tion of the dissolved substance ( since for very dilute solutions is 

\ No + N 


substantially equal to -- or the concentration c 

No 

corresponding to this concentration. 


)■ 


and p the vapor pressure 


Henry's law lia« boon rinidly inveatiKutod over a wide pressure ranRO to dotormino the 
extent of its applicability.’ Saekur and Stern have shown that in the case of carlx)n dioxide 
in various orttanie li(iui<ls the behavior of the dissolved carbon dioxide is more nearly in 
accord with tho ideal laws than that remaining in the rusoous condition. In cxpressinR 
Henry's law, it has also been found that a greater constancy of the coefficient, k, is obtained 
if we use Ostwald's coefficient for expressing solubility. In this system, we express k as 
the ratio of the concentration in the solution and in the gas i)hnse, employing data for the 
density of the solution. 


Distribution Law: An exproHsion for the distribution of a substance between 
two non-miscible solvents can be derived from Henry’s law. If a substance 
whose concentration is Ca in the liquid A has a vapor pressure p, then according 
to Henry’s law 



V 


Similarly, if its concentration in the liquid B is C/i, since the partial pressure 
p must be tho same over both phases, 


and 


Cb 

V 


k% 


Ca _ k\ 
Cb ~ k2 


‘ Sander, Z. physik. Chem., 78, 513 (1912). Saekur and Stern, Z. EUktrochem,, 18. &11 
(1912). 
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which states that the distribution of a substance hotwwn two non-iuiscibU* 
solvents is constant, at any definite teinpofature, rcfranlle^s of the initial con- 
centrations employed. 

This same relationship also follows from the perpetual motion principle 
w'hich may be applied by a consideration of the conditions sln^wn in the ac- 
companying diagram (Fig. 1). If we have two immiscible liquids, A and /f, 
in which a volatile substance is dis.solved at some 
definite temperature, the partial vapor pressure* of 
this substance inust, at equilibrium, be the same 
over A and li, for, otherwise, perpetual motion 
would result by the movement of the vapor from 
the region of higher to lower vapor pressiin' wliere, 
due to the di.sturbaiiee of the existing equilibrium, 
it would dissolve, pass into the second iKpiid and 
so maintain a difference in vaiior prcssuri's. I’er- 
petual motion being assumed, as a result of experi- 
ence, to be impossible, the vapor pre.ssun' of th<‘ dissolveil subslaiici* must, 
therefore, bo the same over both liipiids. 

This method of proof, due to Ostwahl. can be similarly applied to a great 
number of other cases. In general, it can Ix' applie<l to show that if any two 
phases are both in equilibrium with a thir<l pha.M*, they an' in ('qiiilibrium with 
each other. 

lly a similar consideration, O'^twald h.as ''howu that osmotic pn'ssure must 
be independent of the type of nK'iubraiie us<'d, n'gardh'ss of the mechanism of 
the process of osmosis. 

As is evident from its nu'thod of d(*rivation, tlu* n'lationship, — A. foi 

’ H 

the distribution of a sub.stance betwec'U two phan's. ,l and li, is only valid if 
the substance has the .same molecular structure in both phases. If, however, 
it exists as the simple molecule, .1/, f‘>r example, in tlu' jihase .1, and as an 
as.sociated molecule {M)n in the pha^e li, a corresponding n'lati.m can be 
derived. 

If w’c represent the process of association by the (Mjuation 

nM - (l/),M 

it follows, from the mass action law, that 

un,l (V)-4¥- 

If wc then express the ciiiKTiitMlion of the MilisUnce (.1/) in terms of its 

associated form (.!/)«, wc obtain 
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where Ca will be the concontralion of the non-associated form in the phase .1 
and Cn the concentration of the .siibstaneo in the phase B, where it is associafed 
and has a inolceular weight /i times that in A. ('oinbining the two constants 
we obtain 


Ca 


\Cr, 


= K', 


which is oiir desired relationship. 

Raising of the Boiling Point: The ladling point of a licpiid* being defined as 
the temperature at whieli its vapor pressure equals the opposing pressure of 
the atniosf)fiere, it follows that the boiling point of a pure liquid must be raised 

by the addition of a non-volatile solute, 
since this brings about a lowering of its 
vapor pressure. VVe can derive the rela- 
tion between this increase in boiling point 
with decreasing vapor pressure by consid- 
ering the effect of temperature on the va- 
por pressunjs of solvent and solution !is in 
the accom[)anying diagram in which the 
curves AC and DO (congruent for dilute 
solutions) represent the change of vapor 
pressure, wdth temperature, of solvent and 
solution respectively. The abscissa? of 
th(* points B and K will be their respective 
boiling points, umh'ra pressure, /%, ecpial to 7()0 mm. of mercury, which we 
shall denote by the symbols Y’o and T. Considering the geometrical rela- 
tionships of the figure over an iidinitesiinal rang(', in which case the curves 
may be treated as straight liiu's, we have 



BE _ p 
BE ~ T~^l\ 


tan BEE — slope of curve DC. 


Since the curves may be consid(‘red as ])arallel over a small range, the fraction 
jT _ rp ^lope of th(* curve .IC. I'iXpressed in terms of ililTerentials, 

this gives 

dpo ^ Po - p 

(1 1 0 T — Tq 


and, substituting for po — p its value pov in llaoult’s equation so as to intro- 
duce the effect of concentration, we obtain 
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AT = Bnx = Ho 


X 


whivh, for dilute solutions, becomes 


•Vo -f X 


AT = Ho 


Xo 


Tliis equation states that the in l)oiliiii; poiiU of a >tilutien is proportional 
to the mol-fraction of solute present. Tlu' constant Ho, known as the hoiliiiR- 
j)()int constant, represents the relation betwi'en the \ap(»r pressure of the solvent 
and the change in vapor pressure of the solvent with teniperatun* and may be 
calculated from these, or from its e(iuivalent in the approximate ('laiieyron- 
Clausius’ equation 

<n\ _ HTo- 

(Ipo A// 

Vo 


in w'hich AH denotes tlie molal heat of vaporization of the solxent at its boiling 
point, To. Ho also denotes tin* boiling-point iise p<'r mole of solut(‘ in one mole 
of solvent and may thus be directly determined. Instead of this constant, 
the molal boiling-point constant which refers to the rin* in lioiling point pro- 
duced by 1 mole in 1000 grams of sol- 
vent is usually recorded and used in 


tlio literature. 

The Lowering of the Freezing Point: 

The fact that solutions (sea wati'r for 
example) freeze at a lower teiniiera- 
ture than the pure liipiids has long Ix'cn 
observed, lllagden ‘ first showial that 
the lowering of tlu' frei'Zing point was 
jiroportional to the concentration and 
this relationship is therebire ndiTred 
to as Blagden’s law'. Just as in tlx* 
ca.se of the boiling point, wa' can ariive 
at a relation between the va])or pres- 
sures and freezing points of solvent" 
Kaoult relation between vapor jiressurc 



I io. 


:,iid solutions, and, by ai)])lying the 
lowering ami (amcentration, express 
f the (amcentration of the dis- 


thc lowering of the freezing point in terms 


solved substance. i • i 

The freezing point of n M,lntion U .lefinnl n> that ton.p..rat..re at winch the 
solid solvent can exist in eqnilihriuin with the solution. If we represent the 
change of the vapor pressure of a pure liquid solvent, solid solvent, and ,t,s 
solution as in the accompanying diagram (Kig. :i), «e can derive a relationship 
{17S,s). OU«.iUl’.s Klassikcr. No. 5<i (W. DiiHmann, 


^Phil. Trans., 78, 2 
1894). 

0 
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by geometrical considerations as was done above in the case of the boiling point 
AE represents the vapor pressure of pure solvent, CD that of the solution in 
which the nwic-frnction of solute is x and AE that of the solid solvent. » The 
intersection points, A and C, of the last curve with the others are the freezing 
points of solvent and solution respectively. 

It is evident from geometrical considerations of the figure that* 

Po-Pa ^dP,„,., 

To - T dT ’ ^ ^ 

dP 

where — ^ , the slope of the curve for the solid solvent, gives the change in 
dT 

vapor i)ressure of the solid solvent with temperature. Also, 


P - P* _ ^Paolnnon 
To - T dT 


( 2 ) 


wher(' 


df 


, the slope of the solution curve, gives the change in vap«r 


pressure of the solution with change of temperature. If we assume that the 
vapr»r pressure curves for solution and liquid solvent are parallel, i.e., 


dP dP 

* <ul lit 11)11 _ oolvt-llt 

dT ~ dT 


we obtain, by subtracting (2) from (I), 

Po - ^ 

To - T dT dT ^ 

In order to derive a relation between the freezing-point lowering and mole- 
fraction analogous to the relation for the rise in boiling j)oiut, we must apply 
the approximate ('lapeyrou equation, which gives the ('xpressions for the 
temperature coeflicieiits of the vapor pressures of the solid and liquid solvents: 

dP,,.., ^ MI,P 

dT ~ R'n 

where A//j is the molal heat of vaporization of the solid solvent, and 

dT R'r- ’ 

where A/// is the molal heat of vaporization of the liquid solvent. Hence, 

d/Vu.d _ aP«„vent ^ ( A//. - MIdP 

dT dT Rr 
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where A/f, — A//j will he the molal heat of fusion, A//o, of the solid solvent. 
We may therefore write equation (3) as 

Po - P _ ^„P 

7’o - T~ liT^' * 


Suhslituting for 


P. ~ P 
P 


its value in the Raoult equal ion, wo obtain 


' , 1 r . ^ 

7’u — T — TTTr or — A7’ — 

A//o 

which is our desired n'latioushij). 

Osmotic Pressure : The process of osmosis was first oliserved by Abbf* 
Nollet,’ who showed that if a solution of sugar be placed in a vessi'l which is 
clo.sed below' by an animal membnyie ;ind ilippeil in a \(‘s,s(‘l of wafer, (he lalfer 
will diffuse through the nu'iubrane and cause (he, solution (o rise in the c<in- 
taining vessel. Tlie phemunenon'may lx* illustrated bv tlie uso of | he apparatus 
shown in the accompanying diagram (Kig. 1). A glass vessel .1 which has a 
long narrow tube attached to it (a thistle tube .sotncs the 
puriHisej is closed at the bottom by a pieci* of parclirm'iit 
l)aper, (', filled w’itli a sugar solution and sup|)orti‘d in a 
vessel of w'ater. The column of li(jlii<l in the tube. />, will 
be seen to ris<‘ until tiu* hydrostatic prc'«sure produced just 
counter-balances the force tending to cau-'C water to enter 
the vessel. 'Phis pressure is known jis (he osmotic pressure 
and is caused by tin* forci* (('iiding to bring about 
equilibrium between tlu* juin* s(d\('nt and stdution 
which in. the ab^'iice of a iimlnbraiie n'sults in 
mixing by dilTiision and tlu* production of a liomogeneoijs solution. Osimdic 
pressure is, then, tin* exci'ss jiressun* which must be jiut on a solution 
to bring it into ('(pnlibrium with the sidvent. Between lS2t) and ISdS J)u- 
t rochet ■ and Vierodt made some ipiantitative meusurements using jiigs' 
bladders a.s .semi-jiermeable membranes ami first recognizeil the significance of 
osmotic pressure in jihysiological proces.ses. Moritz Truube,^ following the 
analogy in behavior siiown by (Iraham ^ to exist between animal and colloidal 
.substance.s, first showed that certain inorganic preeijutates of a colloidal nature 
could act as semi-i)ermeabh* membranes. ITefTer first curried out a scries of 
reliable quantitative measurements using ponms clay cells in the pores of 
which was deposited a membrane of (’u;Fe((’X)fi. The modern W'ork of Morse 

' Rechejfchcs sur Ics c:nisc> df* Honilloucinctil ilcs I.iqiiiM.s, I’anw, 171S. 

Mnn. Chim. Phjr.. 12} 35. MA ( 1 S 27 }. [2j 37. lUl (IS2NK [2] 49, 111 (1832); (2) 51. 
Ion 0832). 

* Anv. Phus.. (21 73. .jU) 0M8). 

* Arch./. Anatouiif u Physuilngu . ISO?. 

’'Phil. Tram., 144, 177 (Is.'it). 

' Oumoiische UiUersuchungai, Leipzig:, 1S77. 
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and Fnizcr and thoir students* in America, of the Earl of Berkeley and of 
Hartley ^ in ICiigland, and that of other workers have supplied experimental 
data which have served as a basis for theoretical treatment. 

The theoretical treatment of o.smotic pressure began with vanT Hoff * 
who made use of the experimental data obtained by Pfeffor to confirm his 
geiu'rnlizations. Van’t Iloff showed that there exists an analogy between the 
osmotic pressure of a diluti' solution and the gaseous pressure that the solute 


woldd exert if it exist<'<l in 

th(‘ form of ii gtis in the volume 

occupied by the 

solution. As will be .seen 

from the dtita of Table I obtained by Pfeffor for 


TABLE I 


Tmk Osmo 

TKJ PUKHSUUE OF SuCItOSE (PfkFI'KU) 

Ratio of 

(’oiici’iilriiiion 

Osmotic Pros.surc 

Osmotic Prcs.suro 

in 

in 

to 

Pcir (Vnt 

AUno.sphcrc.s 

(’oncentration 

1 

0.080 

.08 

2 

i.;h 

.07 

'I 

2.7.5 

.08 

0 

4.04 

.07 


sugar solutions, osmoti<5 pressure is directly proportiomil to (‘onci'utration, a 
relation corres))onding to Boyle’s law for gases. Moreov('r, the change in 
osmotic pressure with temperaturi', as van’t HolT showed from PfefTer’s data, 
is given by the law of (lay-Lussac for gases, van’t IIolT showed therefon; 
t.hat the perfect gas equation 

PV = nRT or P = cRT 

expressed the relation between osmotic pn'ssure, concentration and temper- 
ature. The fact that R has the same numerical value in l)()tli equations shows 
the strict analogy between the two force's. A thermodynamic proof of this 
relation based on Henry’s law will be given later when we discuss the thermo- 
dynamic considerations of solutions. 

The more accurate measurements (»f Morse and Erazer, and Berkeley ami 
Hartley showed, however, that these simple relationships may hold reasonably 
well at high dilution but no longer hold in the case of more concentrated solu- 
tions (above 0.2 molar). That this is the case is not at all surprising when we 
consider that many gases if subjected to pre.ssures equal to the osmotic pre.ssure 
of dilute solutions would deviate in their Ix'havior from tlu‘ gas laws on account 
of mutual attractions between their molecules. Later attempts, therefore, 
have been made to introduce corrections for these influences in the simple 

' Pul). No. lUH. Caruogie Institution of Wnshington. 

Phil. Tran.^i . A. 2()(). 4S(> (P.Mm). 

» (^f. p. 257. 

* 7.. phynik. C/iown. 1, 481 (1887). 
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equation given above. A discussion of these theories will be considered in a 
separate section. An intcre>tin’g nnalngy between (jsinotic and gaseous pres- 
sures lias been denionstrat(‘<l by Ranisay,* who einpKiycd the apparatus shown 
in the accompanying diagram (Fig. .>). Palla<lium, at a temperature of 300° 
(\, is permeable to hydrogc'ii but doe'> not allow nitrogen to pass through it and 
may, hence, be con>idered as a .Huni-pernK'.ible membnine with respect to a 
mixture of these gases. A mixture of tlie^r rich in nitrogen, is intro- 

duced into tlie palladium bulb P which attached at ./ to the glass tiilie M 
containing mercury which scuves as a manometer to indicate the pressure of 
the ga.'^e.s in P. ].('t tliis jirevstjre ha\e an initial value p, which is the sum of 
the partial jire.ssures of the hydrogen, ami nitrogen, p^^^ If we now cm^Iose 
the bulb P in a gas-tight througli which W(‘ pas'. h,\drog(Mi under atmos- 

pheric pressure, the latter will pas>. 
through tlie palladium until the 
partial pressure <jf hydrogen on both 
sides of the membrane is I'qual to 1 
atmospliere. Tlie total pri's.^uri' 
registeri'd o n t h e manometer a t 
eipiilibrium will therefon' be greatm- 
than p. d'lie exci'.'.s pressun* wit Inn 
the bull) may be considereil as lh<‘ 

Osmotic jiressure of (la* solution of 
nitrogmi in hydrogen when .separatml 
from pure bydrogi'ii b\ a s(‘uii-pcr- 
nieal)le membrane j)ernu'abl(‘ to tin* 
latter gas. Whether tlu' osmotic 
pressure of solution', is suml.-irlv brought alamt b\ ;i condition (»f ineijiialitv 
in pn^ssures du(' to a dilTerence in conci'iitration of lh(‘ jiure s»(Iveiit on both 
sides of till' nieiiibrane will lx- discussed more fully when the (jU(‘''lion of the 
mechanism of osmosis is coU’.iden'd. 

The Determination of Molecular Weights in Solution: The most accurate 
(h'terminatioiis of the molecular weights of subst.ances are based on two prin- 
ciples. They may either be determiiK'd in the gaM'ous state by the use of the 
principle of Avogadro, or in solution by tln’ measurement of any of the colliga- 
tive proj)erties wliich we ha\e coii'-idenal. 'I’lie experimental details of the 
latter method will be discus'.ed in tlu' next '.eelKUi and we shall, therefore, 
limit ourselves here to a consideration of the gi'iieral a|)plicability of the 
difTereiit methods and their moih' of appln-ation 'Fhese relations all (‘xpress 
some property of the solution, osmotic pres'.iire, boiling point, etc., as a func- 
tion of the concentration of the dissolvecl substance. If we I'xpress, then, 
these concentrations in terms of moh's (i e , in ferni'' of the weight of substance 
di.ssolved, divided by its molecular weiglit), we have all the data necessary for 
computing the molecular weight of the substance in solution. Thus, by ex- 

' W. Haniwiy. /Vo/. Mu(j . [.>] 38. 20<) P. Villanl, (’umpf. uml., 126, 1 11.3 (IHUH)' 

J. Durlaux. J. Chwi. Phya., 10, oJH 
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pressing the formula for o.smotie pressure by the equation 


PV^^RT or 
M 


M = 


RTrn 

pV 


where m is the weif^ht in grams of the substance dissolved in volume V, we can 
calculate the molecular weight, M, of the substance from the observed osmotic 
pressure, P. The difliculties involved in the experimental determination of 
osmotic pressures, however, have prevented its application to the determination 
of molecular weights except, possibly, in the case of colloids, where the methods 
of freezing and boiling points arc very erroneous. 

Molecular Weight Determinations from Vapor Pressure Lowerings: The 
determination of molecular weights by the lowering of the vapor pressure has 
be(*n made possible by recent improvements in the mode of measurement of 
such lowerings. Tlu; following results obtained by Memzies ‘ illustrate the 
possible accuracy attainable by such determinations. 


TAHLIO II 


Vapor Prkhhurb Lowkhinos of Solutkjns of NAPFiTir\Li:NK in Bknzenf. (Mbnzifs) 


WeiKht of Dia.s()lvc(l 
Snl)Htiiiico in (inuna 

Volume of Solution 
in Cc. 

V'^apor Prcshuio 
LoworiiiK 

Molecular WoiKlit 
Obtained 

0.3 11 T) 

4H.1 

00. 1 

128.0 

0.5118 

49.1 

105.2 

127.5 

0.3237 

40.1 

05.2 

128.0 

0.5092 

40.8 

101.0 

127.3 


The results are seen to agree W(41 with th(‘ theondieal value 12S.0. The 
molecular weight is calculated in the abov(‘ from the formula relating to osmotic 
and vapor pressures 

Pa 

Vo - P= 

p - a 

in which po is the vapor i)ressure of the pure solvent, p of the solution, P the 
osmotic pressure, p the density of the solution and a the vapor density at 
pressure p. Assuming the applicability of van’t Hoff’s law, we can substitute 
for P its value as derived above and obtain the relation 

mA/o 760 

Vo — P = » 

Afl000(p-(r) 

the prevssurcs being expressed in nun. of mercury. In the equation m is the 
number of grams of solute dissolved in 1 liter of .solution, M its unknown 
molecular weight and Mo the molecular weight of the solvent in the form of 
' Z. physik. Chem., 76, 231 (1911), 
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vapor, ^\o thus are able to calculate M by substituting the observed values 
for the other symbols. 

The determination of molecular weights from vapor pressure lowerings is 
especially useful where the freezing-point method i.s not applicable. More- 
ys over, as it can be applied over a long range of temperature, it can b(‘ used to 
\Uderminc the change in molecular weight, as due to a.s.s«jeiation, for example, 
with temi)eruture. 

Molecular Weights from Freezing and Boiling Points : Perhaps the most 
widely applied method of d(‘t(‘rmining molecular weights in sohrtion has beam 
by means of freezing and boiling point.'^. From the e(piation.s for these proper- 
ties we can determine also the mol(‘cuIar ('(unplexity of tin* substance in solution 
by seeing what multiple of the commmily accepti'd molecular weight must be 
taken to obtain the .same \alue for the constant in the.se eipiations as is ob- 
tained from the experinumtal \alue of the lu'at of fusi<tn or vaporization. In 
this way interesting information has Ix'cn obtained ri'garding the effect of 
various solvents on the association of dissohei! substances. 'Phe solvents id 
the benzene .si'ries, for examjile. have been found to favor jiolymerization, 
whilst the analogues of formic acid tend towards tlu' formation of siinjilc 
mol(;cules. 

Since tin' jiresent chapter is not intended to coiisidiu' the cast' of solutions of 
(‘lectrolytes, mere numtion can only lie made of thi' fundamental importanci* 
of the study of the colligati\e jiropertics in coniu'ction with tin* (pii'stions of 
electrolytic di.ssociation, as, for ('.xamph', in tin* modern thi'ories of activity. 

Fxi'khimkntvl Srrnv of Dim ik Solutions 

Modi'rn physic.al chemistrv tiaces its origin from thi' e|)och-m;iking dis- 
coveries of van’t Hoff, Arrhimnis and others in the field of .solut ions. During 
the s>\4‘ral di'cade.s that followial thc'i* discoveries the probhun of solutions 
wa.s the ciiief center of inti'rest, and it is only in the past decade that its nu- 
merous offspring colloidal chemistry, electro-chemistry, etc, have usurpial 
its former jirominenci'. As in other fields, the early exfx'rimi'ntal studies 
merely aimed to corroborate and firmlv establish tin* then (‘.xisting theorii's and 
it is only in more recent times that a finessi* of technique has bi'cn developed 
which is callable of defining the limits of applicability of thi* thi'oretical de- 
vclopment.s and offiuing grounds for their alfiTation and expansion. It is 
therefore important to have a knowledge of tlu* more reliable exiiiuimental 
methods now available for the investigation of .solutions. In the present 
section a brief description is given of thi* most refineil ('xjx'rimental methods 
which have been devi'loiied for this purpo.se, together with such other similar 
measurements as seem of interest, and their ajijilicability to the subject in 
question will be discus.sed. 

Experimental Determination of Osmotic Pressure. Method of Pfeffer: 

The first quantitative measurements of osmotic pre.ssure were made by the 
botanist Pfeffer ‘ whose results formed the experimental basis for the theoretical 
rea,soning of van’t Hoff. 

' Pfeffer. Osmotischc U lUirsiichunocn, D*ipziK. 1877. 
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The apparatus used by Pfeffer (Fig. 6) consisted of a porous clay cell, z, containing the 
solution to bo studied, to whicli was attached a manometer, m, for measuring the pressure 
developed wluui the cell was surrounded by pure water. The whole apparatus in position 
for use is shown in I’ig. 7. Pfeffer prepared his cells in the following manner. The clay 
cell was treated first with a dilute solution (if potassium hydroxide and then with a 3 per 
cent solution of nitric acid, after which it was carefully dried. The wall of the clay cell 
was then completely filled with water by repeated evacuation under an air pump whilst 
immersed in water. It was then allowed to stand for some hours in a 3 per cent solution 
of copper sulphate and filled with the same solution. The inb'rior was then' quickly rinsed 
out several times with distilled water and (juickly dried as well as povssible by wiping the 
interior with strips of filter paper. After the cell had stood in the air until the exterior was 
just moist to the touch, it was filled with a three per <;ent solution of potassium ferrocyanide 
and placed again in the roi)i)er sulphate solution. After standing thus for one to two days 



Fkj. t). Pfeffer’s Apparatus for Osmotic 
Pressure Measurement 


I'Mi. 7 


It was closed and allowed to develop what i)ressure it would by reason of the difference in 
osmotio i)res.sure between these two solutions, .\fter another inters al of from one to two 
days the (’ell was opened and filled with a solution (Containing 1.5 per cent potassium nitrate and 
3 per cent copper b'rroeyanide I'mler thes(‘ conditions a pressure of about tlin'c atmospheres 
is developed. If the e(>ll was to Imi used for measuring pressures greater than thrc'O atmos- 
pheres, it was tested under a gri'ater pr('s.sure, which is readily done by increasing the concen- 
tration of the ixitassium nitrate in the test solution. It was found desirable to have the 
initial pressure develop slowly and to allow the cell to be subjected for some time to this low 
pressure. This slow' initial developmi’nt of pressure seems to have the effect of pressing the 
membrane material into the cell wall in such a manner that its continuity is not destroyed. 
If the pressure is allowed to di'vcdop rapidly, the manometer shows a rapid initial rise to a 
maximum, but this pn’saure soon falls. In such cuse.s, Pfeffer frequently noted that a brown 



THE LAWS OF DILUTE SOLUTIONS 


249 


stain of copper ferrocyanido appeared on the exterior of the cell, showing that the membrane 
had been ruptured. 

Remarkably good success was had by using the alxjvc method. Of twenty cells scarcely 
a failure was recorded, while before resorting to the expedient of partial drying no membrane 
was succe^fully deposited on the surface of the cell. For this reason Pfeffor had lieen com- 
pelled in his first investigations to use cells in which the membranes had been deposited at 
some distance beneath the surface of the cell wall. In order to deposit the membrane in 
*5llloli fruitiitirgi. the cell with its wall filled with water wfis placed in a .'I per cent coi)per sulphate 
soluttwfcjor fil^cn to twenty minutes and filled with a solution of potassium ferroeyanide 
of the same (3 p^ cent) concentration. When the membrane was formed in this way, by 
diffusion, it occupmd a position near the inner surface of the cell. 

Membranes ^^>osited on the surface of a cell, by the method outlined above, not only 
have the advantage that they are immediately in contact with the .s(»lution tinder investigation, 
but they are also more easily and successfully formed than when the membrane is formed 
within the interior of the cell w'all. In certain cases membiatu's could be readily formed 
on the surface of the cells while successful d(‘position in the cell wall was either impossible 
or could be accomplished only with the greatest ditficulty, even though the cells in both cases 
were from the same source. It is interesting to note that Pfeffer found that cells made by 
only one manufacturer out of the ten w'hose products were tested gave satisfactory results 
and that ho hud at his complete disposal the entire use of a pottery for the solution of his 
difficulties. 

Pfeffer undoubtedly had very reliabh* c(*lls at his disposal as ho found that 1.5 to 20 
p('r cent solutions of dextrin showed .'ibsolutely no leakage of .solute after a period of fourteen 
days, and a .5 per cent s(»lution of sucrose after being kept in the cell twelve days at a tem- 
perature of 12°-2()° showed no detectable amount of solute in the surrounding solvent. The 
idea of using f"ujFe(('N)« ns a membrane was due to Traube,' who had previously shown it 
to be irnjK'imeable to certain dissolved crystalloids while jicrmitting water to pass through it. 
Pfeffer also used membranes of other mateiials and canied out measurements with dilute 
.solutions of sugar, dextrose, gum arabic, el<>ctiolytes. etc. Lack of accuracy in Pfeffer’s 
n'sults with such .solutes as sucios(‘ can hanlly be trac<‘d to faulty nxunbranes. From his 
lesults, he showed that o.sinotic prissMin* was propoitional to c(»nc<uitr!ilion, was much smaller 
in the case of colloidal subst.uices like gum aiabic than with moh'cularlv dispersed systenis, 
and ^hat osmotic i)res,sure increased linearly with tiunpcratun'. 

Mefcffod of Morse and Frazer: Tin* two chiof problotn.s wliieli confront the 
invo.sitigator who attempts a direct incn.Min'incnt of osinolic prt'ssure ttre the 
jiroduction of a membrane which is truly .somi-pcrmotiblo and an a(‘curate 
determination of the prc.ssure produced, with careful control of temjieraturo 
and accurjite antily.ses of the .solutions. If tiny of these factors is disregarded, 
it is perfectly evident tlmt no ^reat ndialulity can be phtciul on the results. 
The details of the method of J’felTer, ji.s is eviihuit from I heir description, ftiil 
in certain respects to jirovide the nece.s.sary lefinenuuifs and, though the im- 
portance of PfefTer’s pioneer work cannot be* overesi imated, it reipiired the 
development of innumerable, practically important delails to nive the method 
sufficient accuracy over a wide range of concentration to m.akc it applicable 
to the theoretical problems of dilute solutions. 

H. N. Morse, while ciig.'igcd in the clcctrolysi.s of solulions of pcrmangiinatoH with poroun 
diaphragms in order to prepare .solulions of pure permanganic acid, noticed, on oceaaions, 
the osmotic activity of such cells in who.se pores inanganew* dioxide had separated, 'riiis 
suggested the idea of depositing cojiper ferroeyanide membranes electrolytically in iKirous 

’ M. Traulx?, Zcnlral. f. mediz. TFiss., IS04; Archie. Ana(. Wiss. Med., p. S7 (1807). 
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clay cells for the purpose of measuriiiK osmotic prfMwur&. The OMthod Jesoribed by 
Morse and Horn ‘ in 1901. While the easy formation of an oamotioally lustx^^iil^brane 
by this method was readily obtained, there remained a very great number of ejicperimental 
details the solution of which was necessary before quantitative measurements be made. 
In fact aU and more of the difficulties encountered by Pfeffer had to be solved. 

Morse and Frazer,* therefore, undertook in 1901 an extensive improvement 
in the mode of measurement of osmotic pressure, utilizing the ffioetwtytitf 
method of Morse and Horn for depositing the membrane. As fy^esub^the 
improvements in the details of measurement introduced by theie im^^tigators 
in collaboration with their students, the measurement of osmbiitf^ssure has 
reached a high state of refinement and accuracy in the limited number of cases 
to which it is applicable. The limit of its applicability, however, has prevented 
its extended use, but this phase of the problem will be considered in detail 
later. We shall next describe the various parts of the apparatus which are 
used in actual measurements. 

The Cells. By chance thcBC investigators had at their disposal alx)iit 20 cells with which 
their first work was done. Unfortunately later experience showed these cells could not be 
duplicated by the potter. Various potteries were called on to assist in the production of 
satisfactory cells. In every case failure resulted. It was then evident the problem would 
have to be solved first in the laboratory. After trying various expedients, Frazer while 
associated with Morse developed a method of fabricating the cell that satisfied the require- 
ments for certain solutes. Microscopic examination of sections of good and bad cells showed 
that fine, uniform texture was required. Fig. 8 a and b show sections of one of the potter’s 
colls and one made in the laboratory, respectively. 

The cross section of an ordinary porous cell as produced in the indiistry (Fig. 8 a) is scon 
to lack uniformity and contain inirnerous air blisters. Since the function of the coll in 
moasurements of osmotic prcH.sure is to .secure a sui)port for the semi-permeable membrane, 
it is perfectly obvious that the finen(;ss of texture of the latter will depend on the pores of 
the oril itself. If there should happen to bo a iK)int where the cell wall is highly porous, 
the membrane, if deposited at all over this area, must necessarily bo held but looselyf^md, 
the exertion of any pressure at this point would easily disrupt it. Honco the at^ anment 
of cells of uniform and fine texture is necessary. 

The first step taken was to select two clays of such compo- 
sition that it would l>o unnecessary to add any of the ground 
material used by the potter as a “binder.” These were carefully 
treated to remove coarse particles after which the mixture was 
molded under pressure into cylindrical form. Fig. 9 a, and then 
the cell was turned on the lathe to the i>roper size and shape. Fig. 
9 b, dried, and burned. The upper portion was then glazed to per- 
mit attachment of the manometer. 

Such cclKs were entirely sati.sfaetory for measure- 
ments with non-electrolytes of high molecular weights. 
To make them applicable to .substances of small molec- 
ular weights, the poro.sity of the cells has recently 
been further (lecrea.scd and a more perfect support given 

» Am. Chem. J., 26. 80 (1901). 

Mm. Chem. J., 28 , 1 (1902); 29 , 17.3 (KKKl); 32 , 93 (1904); 34 . 1 (1906); 36 , 1 (1906); 
37 , 324, 425, 558 (1907); 38 , 175 (1907); 39 . 607 (1908); 40 , 1, 194, 266, 325 (1908); 41 , 
1. 92, 267 (1909); 45 , 91, 237, 383, 517, 554 (1911); 48 , 29 (1912); PubUoation Carnegie 
Inst. No. 198. 
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A crow section of such a cell is shown in Pi*. 8 c, the dark t>ortioa. being the pfeo{p{toie4^. 
opaqueness compared to the rest of the cell shows the fineness of its porw. Suoli 
efficient supporters of the membrinie, allow only a ralnimal leakage, a rapitl 
r — equilibrium, and require no period of “seasoning.” Recent experiments, 

nentioned investigators, however, have shown that the presence of too fine 
J ceOi^ay vitiate the results, duo possibly to the interference of electroldnetiC 
/effects. TH^pre»nce of a fine capillary systeni in the cell may bring aBhut a condition of 
* affairs in whi^J* solution proximate to the semi-permeable membrane has a concentration 
(due to the capillary effect of the cell pores) far different fn)m that of the solution and hence 
the results obtained, though reproducible and apparently referring to the solution studied, 
really refer to entirely different conditions. 


The desideratum, therefore, Ls the pnxluetioii of a very fine material on the 
surface of which the membrane may be deposited and which will present its 
other surface to the pure solvent, thus obviating any concentration change duo 
to capillary effects. 

After its preparation and filling, the cell is l)oile(l in water and all air bubbles 
removed by continued electrolysis of a 0.0, *) per cent Li j‘‘^()4 s(>lution, the water 
transferred electro-endosmotically serving to remove the last traces of air. 
The cell, after electrolysis with distilled water to remove tlio last traces of 
electrolyte, is ready for the depo.sition (ff the 
semi-permeable membrane. 

The Membrane. Despite efforts to find 
other membranes, the (’u2Fe(CN)6 first de- 
scribed by Traube has always been most satis- 
factory for osmotic pressure measun'inents, 

•ird' has been exclusively used in these 
researtkos. The mode of deposition, however, 
and the care exercised in its development 
have been altered. 

The mode of deposition of the nicmbrunc by 1 be 
method of Morse and Horn is shown in the necotn- 
panying diagram (Fig. 10). Tl.e p..roua cup (a) in Apparatus for Membrane 

which the membrane is deposited is held by means l)ci)osition 

of a rubber atopper (6) in a glass vessel (c) containing 

a 0.1 per cent solution of K 4 Fe(CN) 6 . The cell is filled with a 0.1 M solution of CuSOi and 
a ciurent allowed to pass through the solutions from a copp<'r anode (d) held in the porous 
cup by a rubber stopper. A platinum sheet whieh surrounds it serves as the cathode (e). 
The funnel (/) and exit tube (g) acn’c to renew the K4Fe(CN)» solution so as to prevent an 
accumulation of alkali during the electrolysis. 

When the cell is put through the membrane-forming i)roce88 for the first time, there is 
a temporary fall of resistance as the cell wall Incomes filled with the electrolyte and a rapid 
rise thereafter as the membrane continues to f<inn. A maximum resistance is soon reached, 
after which the process should be discontimied and the cell placed in water. After several 
days, the process is repeated, and, after several repetitions, a goorl cell will readily dlevdop 
considerable pressure with a cane sugar solution. It is, however, still imperfect and for 

» GroUman and Fraaer, /. Am. CAem Soc., 45, 1710 (1923). 
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completo development may require as much os six months or a year of such treatment. 
Apparently worthless cells have proved useful with no other tteatment than being left in 
distilled water which is frequently changed. 

The Measurement of Pressure. The pressure developed may be determined 
by reading the volume of a column of nitrogen enclosed in a carefully calibrated 
manometer, by means of a cathetometer. 




Fio. 11. Miinoiuotor 



Fig. 12. Cross Section of Interferometer 



The upper end of the niammieter (4, Fig. 11) consists of ii thread of mercury, thus ob- 
viating the error of the unknown change in bore due to constriction in sealing the manometer 
end. The use of glass manometers suffers from the disadvantage tliat the time for the 
attainment of equilibrium is long; theii accuracy decreases with increased concentration 
duo to deviation of the gas from Boyle’s law, occlusion of gas and increased percentage error 
of readings; and, finally, they are easily broken at high pressures or by temperature changes. 
Application has, therefore, been made of a resistance pressure gage ‘ and of the water inter- 
ferometer,* using the change in the index of refraction duo to the pressure exerted in the 

* Fraaor and Myrick, J. Am. Chem. Soc., 38, 1907 (1916). 

* Fraier, Van Doren, Porker and Lota, J. Am. Chan. Soc., 43, 2497 (1921). 
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experiment as a means of measuring this pressure. This ai)paratU8 has been further modifiofi ' 
to give an increased accuracy and ease of manipulation over the original api)aratU8. The 
more recent form is shown in Fig. 12. 

This instrument has been described by Grollmuu and Frazer.* It has a range of 30 
atmospheres. This can be increased by the use of thin ghiss plates inserted in the path 
of the beam passing through the non-pressure side. 

Since the range of 30 alniosphercs corresponds to 3000 di\i,sH)ns on the interferometer 
^ readings on the latter are capable of diiplicatiitii within 10 divisions, the pressure 

r<n«,u'''i!s are iSv^uratc to 0.1 of an atmosphere. The accniac.\ may be increased by the use 
of a licpud.more minprcssible than water or b> the um* of a longer luossure chaml)er and wider 
windows. The Ungth of the prewiie ch.onlH-i of llie inslininent \]sed was SO mm. Hy 
arranging the flunors ami pn-'Uis of the inlcihnonieter so tliat there is a greal<‘r distance 
between the two l>canis, larger windows can be useii in the luessure gage, which insures 
more accurate readings. 

Tlie older nietliods of joining tlie manometer to tin* cell have been imjtroved 
hy Frazer and Myriek,’* who dt'vised tlie apparatus shown in Fig. l.'h 

“iV (Fig. 13) is the elay cell with th<' membrane of eoppei feinaw anide K deposited 
on its exterior. This extends only as far as imheated b.\ the heavy line K, the neek ami 
shoulder of the cell being glazed to ('iisuie tight joints, ./ is tlie bronze cylinder into which 
the cell is fastened by means of the jilng I*. 'I'he latter has three legs uiion which the nt)- 
j)aratus stands and which serxe as a means of screwing the jilng into the cjlinder. N i.s a 
thick rubber washer ami 0 i.s a piece of eommeieial ‘Uainisiw Packing,’ about a milliinotcr 
and a half thick. This packing gives pci feet satisfaction, while tlie ordinary nililier will 
not withstand higher iirossures. At all other joints A', O’. //, the packing is surrounded 
on all sides so it can not flow, hcncc in tlmse places the softer rubber washers answer very 
well. In fact, it is de.siiable to ha\e A' ami O' thick piliont 4 mm.) and soft so that initiitl 
jtrosaure may be .secuied b.\ their compression 

" li is u glass l'-tnl)C held in the month of the cell f).\ im'aiis of the nibber slopjier Q, 
This IS simply to kecj) the sohent L up m the cell and .\ct leaxo it ojicn to the atmosphere. 
I is the solution to be measuied. E is (he manometer attachment and is fastened onto 
the c.xlimler b.\ means of tlic nut F, O being a tlii -k iiibbcr washer dcscribod above. A is 
a jnece of cajnllar.v gl.i'.s tubing to which the manomctiT is sealed. The sipiaro shoulder 
at tti.' lower end of A is secured by sealing onto a piece of tubing, of the size di'sired for A, 
another jiiece, liaxmg MUiiewliat larger exU'inal dimensions. The joint is k(‘pt soft and the 
glass allowed to flow together until a considerable enlargement is .secured, tlic internal diameter 
being kept of original .size li.\ careful Idowiiig. After cooling, the laigcr tnerc of tubing is 
cut off close to the enlarged joint. A is then mounteii in the lathi' ami the enlarged end gruiind 
to the desired size and sliajic. In this inaimer (he lower eml of .4 is made to fit accurately 
into the lower cm! of E, as sliown in the diagram To hold .1 in jio.sition, li is soulod onto 
A by means of scaling wax (Khofmsky) and after putting 1) into position. (' is sciewed onto 
li It will 1)0 seen that by turning D to the left. A is raised and held tightly in position in 
E against the washer H. Hy turning 1) to the right. .1 is lowered and excess solution is 
allowed to escape This method of joining glass and metal is of general aj)i)lication and 
has proven most satisfactoiy. Such a joint will hold tight under any jiressure which will 
not actually break (he glass.” 

In the use of the interferometer cell, u similar attachment is used with the exception 
that the tube A is of brass and the cell contents are sejiarated from the interferometer ecll 
by a mercury trap. 

With the above-described apparatus and the great care in the details of carrying out 
experimental determinations, such as temperature control, amily.si.s, etc., to which reference 
must be made to the original articles, data liave been obtained over a range of (ernperaturos 
from 0° to }S0° and over the complete range of concentrations in (lie ca.so of sucrose solutions, 
as well as measurements of maimite, phenol, etc. The results obtained for some of these 
substances are given in the following tables, 

> Grollman and Frazer, J, Am. Chem. Soc., 45 . 1710 (1923). 

*J. Am. Chem. Soc., 45 , 1714, 1716 (1923). 

•/. Am. Chem. Soe., 38, 1907 (1916). 
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TABLE IIP 


Osmotic Pressures of Sucrose Solutions 


Grams Sugar /1 000 Cc. 
of Solution 

Grams Sugar/1000 G. 
of Water 

Equilibrium Time, 
Minutes 

Osmotic Pressure, 
Atmospheres 


30® 

/ 

478,3 

080 

90 

/ 5Z.'6 

472.0 

065 

12 

. 0O.O 

597.0 

958 

90 

87.2 

G05.4 

980 

150 

90.4 

008.5 

990 

105 

92.0 

700.2 

1260 

195 

129.5 

095.0 

1242 

225 

127.4 

781.4 

1549 

180 

109.1 

781,4 

1549 

225 

108.0 

777.3 

1533 

90 

104.1 

831.5 

17.58 

300 

(198.2) 

820.2 

1737 

195 

200.2 

839.8 

1790 

105 

200.1 


.55 

70 


477.2 

074 

22 

01.0 

481.4 

085 

20 

03.1 

010.0 

990 

35 

97.4 

012.7 

1000 

10 

98.7 

702.3 

1270 

.30 

132.4 

700.4 

1284 

55 

133.5 

782.5 

1.550 

75 

170.0 

791.9 

1590 

90 

178.7 

856.5 

1877 

120 

222.0 

842.9 

1810 

135 

213.8 

900.2 

2112 

105 

2,59.3 

910.0 

2190 

1.35 

250.0 

No analy.sia 


1.3.5 

27.3.0 


‘ Lotz and Frazor, J. Am. Chun, Soc., 43, 25()t (1921). 


Osii{OTIO PrEHSURE t)F SUCROHE SoLUTH)Nrt AT 0° 


(Mor.sc, IVazcr and Zic.s) 


Concentration 
(Wciglit Normal 
Soluliona) 

.1 

.;i 

.4 

.5 

.0 

.7 

.8 

.9 

1.0 


O.sniotic Prc.s.stirc 
Oliscivcd 

2.4() 

4.72 

7.09 

9.44 

11.90 

14.38 

16.89 

19.48 

22.19 

24.83 


llatio of Osmotic 
to CiHs Prc.s.sure 

1.11 

1.06 

1.06 

1.06 

1.07 

1.08 
1.08 

1.09 

1.10 
1.12 
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TARLE IV' 

Osmotic PaEssuiuo of Aqueous Phenol Solutions at ;U)® 



' (IrolliiKUi aixl Frazer, ./. Am. Clum. Sor., 45, 1707 


The Method of Berkeley and Hartley: - Tlu' nw'diod of tlu'M' invest if^ators 
(lifTcr.s from those liitlierto (h'senlxMl in (li;it iiisti'.ad of ine.Msnrin>; tin' pressure 
tliat is exerted due to dilTusion of the solvmit into the solution, tin’s dilTusion 
is jirevented by the application of a pressure to th(‘ solution just sutheient to 
prevent passage of solviuit into tiu' solution. 

A cross section of th(' apiiaratu^ is represent i‘d in Fij;, 1 I, 



P'lo. 14. A|)|):ira1iH of fhe Earl of Rerk«*le\ and 1C. (1. J. Hartley 


Phil. Tram., A 206, 4SG (1000). 
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'‘ABiaa, porcelain tube 15 cm. long, 2 cm. external and 1.2 cm. internal diameter, the 
ends of which are glazed. This tube carries the semi-permeable membrane as close to the 
outer surface as possible. CC is a gun-metal cage against the ends of which the dermatino 
rings DD are compressed when the two parts E and F of the outer gun-metal vessel are 
screwed together. The ends of this cage have shallow radial grooves cut out of them so as 
to prevent the dermatine rings from rotating and nibbing the membrane during the operation 
of screwing E and F home. The length of the cage is such that, when finally set up, the 
dermatino rings just overlap the ends of the porcelain tube. 

“The outer gun-metal vessel (capacity about 250 ec.) contains the solution which, when ^ 
a pressure is applied to it, forces the dermatine rings against the bevelled faces OG, and thus 
caus»‘s a tight joint to bo made with the porcelain tube. The jf)int between E and F is made 
good by another dermatine ring A', which i.s compressed between the metal ring I and the 
nuts JJ. 

“The ends of AB are elosi'd by pieces of thick-walled rubber tubing KK, through which 
the brass tubes LL are i)as,s(!d; a water tight joint between LL and the inside of the i)orcelain 
tube is obtained by compressing the rubber betwi'cu the metal washers MM and the nuts 
NN. The brass tufjcs are joined by rubber tubing, one to a glass tap and the other to an 
open glass capillary — the latter, whii'h w(‘ shall call the water gauge, was graduated in milli- 
meters and calibrated; one centimeter of the boro contains 0.(MK312 cc. The outer ends of 
E at F have threads cut on them 'to receive* the brass rings 00, which in their turn are per- 
forated by screw-holes to reeeave the thumbscrews PF, by means of which, together with a 
rublier washer, a tight joint is made betwee*n the flanges QQ of the curved metal tubes VV 
and the ends of E and F. 

“The iierforation R is for tilling the ai)paratUH with solution, and also for connecting to 
the pressure apiiaratus, while S serv«*s to empty the vessel.” 

A determination is made by filling the porcelain tube containing the membrane with 
water, which partially fills the attached caiullary tube, .surrounding it with the solution to 
lie invi'stigated, and gradually aiiplying a pressure which <*ould be regulated and measured, 
until there was no flow of water from the interior of the solution. This pressure was deter- 
mined by observing the rates of movement of the water meniscus in the capillary tubes at 
pressures near the osmotic pressure. A correction to this reading was aiiplied, due to leakage 
resulting from imperfect contact between the dermatine ring.s and the membrane, or from 
cracks in the glaze. Measurements by the above method are fairly rajiid, inasmuch as it 
is not necessary to wait for e(juilil)rium to .set in by a dilTu.sion through the cell, which diffusion 
is usually slow near the Cfiuilibrium pre.s.sure. 

The same investigators ’ htivc devised a dynamic method which is bused on 
the measurement of the rtite of flow of solvent into tlie solution which gives 
results concordant with otJier methods, if we consider tlic initial flow only and 
assume it to be that which would occur if the water were cau.sed to pass through 
the membrane by the a])plication of a mechanical pressure equal to tlic osmotic 
pressure. 

Vegard,* who has described a simple form of the above apparatus, showed 
that the rate of flow gradually diminishes and, hence, the initial rate of flow 
alone giVes accurate results. The relation between the velocity of osmotic 
flow and osmotic pressure has been further investigated by Sebor ^ and An- 
tropoff ^ and is illustrated in the following table (V) by some results from the 
work of Berkeley and Hartley.® 

» Proc. Roy. Soc., A 82, 271 (1909). 

'Phil. Miiy., [0] 16, 247. 390 (1908); Proc. Camh. Phil. Soc., 15, 13 (1901)). 

*Z. Elcktrochem., 10. 347 (1904). 

< Z. physik. Chem., 76, 721 (1911). 

‘ Proc. Roy. Soc., A 82. 273 (1909). 
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TABLE V 


Relation between Velocity of Osmotic Flow and Osmotic Pressukb 



Diffu.sion Vclocilv in 

r“ 

P 

Pressure in 
Atmospheres 

Min. of Csipilljir}' 
jHT Second 

1 Jtalio of Diffusion 

It lit os 

/ Ratio of PreBSurea 

20.41 

0.1075 

1 

1 

40.82 

0.2203 

2.05 

2 

01.24 

0..32 10 

3.01 

li 

81.0,5 

0.1.303 

1.00 

4 

102.00 

0.5319 

1 95 

5 

122.47 

0.0378 

5.93 

0 


Numerous other experimental measurellu‘nl^ of osmotie pressure luive been 
made by E. Cohen and J. \V. ('romnu'lin/ A. liudenburii,’^ R. H. Adie,® (1. 
Tammann/ A. Naccari,’’ A. Ronsot,'* R. S. Ihirhtw,' S. Kalilenberjj;,* O. Flusin,* 
W. G. Wilcox/® E. Fouard," ('. F. Nelson/* and A. E. Koenif^.'* Due to tlie 
lack of sufficient perfection in the ai)paratus used by these iin'estigators, how- 
ever, their results are conflict inf>; and will, tlierefon*, not be further discuissed 
here. 

Some of the results of lierkeley and Hartley are jijivim in Table VI which 
also contains the results obtained by Frazer and Myrick for coin])ariKon. 

Measurement of Relative Osmotic Pressures; A number of methods have 
been devised which, though incapable of giving any absolute values, never- 
theless furnish us with useful information n'garding the relative values of the 
osmotic pressures of different substances. The cells of jdants and animals 
consist of protoplasm enclosed in walls whi‘-h, being strong and r(‘sistant, 
maintain their shape and size when immei>ed in solutions of otlujr substances. 
Tliesc walls are permeable to water and aqueous s(»lutions but are also lined 
on the inside with a thin membrane which is semi-iicrmeable, allowing only 
water to pass through it, but no dissolved substances. The Dutch botanist 
De Vries‘S first applied such cells to the determination of osmotic pressures, 

> Z. phymk. Chem., 64, 1 (190H). 

'Jier., 22, 1225 (1889). 

*J. Chem. Soc., 59, 344 (1891). 

*Z. physik. Chem., 9, 97 (1892). 

* AUi. accad. Lined, 6, 32 (1897^; Suui. mn., (ij 5, 111 (1897). 

^Compt. Tend., 125, 867 (1897); 128, 1417 (1S99). 

^ Phil. May., (01 10, 1 (1905); |0) 11. 595 (1900). 

» J. Phys. Chem., 10, 141 (1900); 13, 93 (1909). 

» Ann. chim. phys., [8] 13, 480 (1908). 

« J. Phys. Chem., 14, 576 (1910). 

••Comp/, rend., 153, 709 (1911); J. phys., [5] 1, 027 (1911); 2, 209 (1912); PuU. soc. 
chim., [4] 11, 249 (1912). 

•*7. Am. Chem. Hoc., 35, 058 (1913). 

•>/. Phys. Chem., 22, 401 (1918). 

•« Z. physik. Chem., 2, 415 (1888); 3. 103 (1889). 
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TABLE VI 

Osmotic Presbuhk of Sucrose Solutions 


Grams of 
Hiicrose in 
1000 Gc. of 

Grams of 
Sucrose per 
1000 Graims 

Osmotic Pre.ssurc 

lierkeley and Hartley 

Frazer and 
Myrick 

.Solution 

of Water 

P at 0° 

P at 30° 

P at 30° 



(Oh.ser\'ed) 

(Calculated) 

(Observed) 

IHO.l 

202 

13.9r> 

15.48 

15.59 

a0().2 

:i7() 

20.77 

29.72 

29.78 

42(>.a 

r)09 

43.97 

48.81 

47.88 

r)40.4 

820 

07.51 

74.94 

73.00 

fiuo.rj 


1(K).78 

111.87 

109.10 

75().(i 

14.‘{0 

133.74 

1 18.40 

148.80 


usinj< colls from the i)lunts — Trmleminlia discolor, Curcuma ruhicaulis and 
liegouia which he found most Huitablc for such work. 




Fij?. Ifia .shows the normal appearance of such colls as soon under the micro- 
scope. If now the coll is surrounded by a .solution havinj^ the same osmotic 
pressure us the coll contents, it will maintain its normal aj)i)oarance and the 
same is true if it is surrounded by a .solution of smaller osmotic pressure in 
which case any distension of the semi-permeable membrane is prevented by 
the resistant cell wall. Jf, however, the cell is surrounded by a solution of 
greater osmotic j)re.ssure than its own, water wall leave the cell and cause it.s 
contents to shrink, giving the appearance of Fig. 156. By determining the 
lowest concentrations of various substances which are necivssary to prevent this 
contraction of the semi-permeable membrane, we have the relative concentra- 
tions nece.ssary to produce the same osmotic prc.ssure. The reciprocals of 
these isosmotic or isotonic concentrations, when expressed in molar quantities, 
are known as isotonic coefficients and show the relative osmotic pressures of 
solutions of equal molecular concentration. Some of De Vries’ results are 
given below (Table VII). 
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TABLE VII 

Isotonic Cokfficiknts of Aqukoits Solutions (Dk Viuks) 

Substance l^^Umiv f’o(«(T. 

Glycerol j ■j^}^ 

Cane Sugar j ^sis 

KNo, ... ... ■ ■■ ;■ : 

NaCl 3.05 

CaCU . . . 33 

MgCh 4.33 

These values were of great use in the devolopinent of early theories of 

solution, clearly showing the elTeet of dissociation of electrolytes on the colliga- 

tive properties of solutions. 

Hamburger ^ has employed red blood corpuscles for the same jiurpose. 
The lowest concentrations of various subhtances necessary to cause the cor- 
puscles of defibrinated deer's blood to settle, b'aving a liipiid above, have the 
same osmotic pressure. The results obtained by this method,'^ as well as those 
obtained in the study of the effect of various substances on tlu' movement of 
various bacteria,® all yield results which agree within tJie limits of error of tlie 
experimental determinations. 

The method of Tammann * consists in noting the ojitical results duo to 
diffusion through a serni-permeable membraiu' of an inorganic material such as 
(hi2Fe(CN)6. The slight currents due to <li(Tusion through the membrane are 
observed by a refractometer and their ab.sencc is used to indicate* the iiresence 
of an isotonic solution. 

The Experimental Determination of Vapor Pressure: Of the various ex- 
perimental studies of the colligative iiroperties, none is more desirable than 
that of vapor pre.ssure. Of all the colligative propertii's, vajior ])ressure and 
osmotic pressure determinations alone may be made at various temperatures. 
The fact that, from the values for the former, we may derive the values of the 
other colligative projicrties makes this (ixjierimental .study most desirable. 
The chief problems are constant temperature regulation, purity of rc'agents, 
the removal of all dissolved ga.ses, and a .sensitive instrument for pressure 
mensuration. The experimental methods of measuring vapor iiressures an; 
divisible into two types, the static and dynamic. The static method was 
first applied by von Babo,*’ whose work, together with that of Wullner,'' l(‘d 
to the first generalizations on the relation between vapor jiressure lowering 
and concentration. The.se workiTs show'cd that the lowering of the vapor 
pressure is proportional to the concentration of solute; that, for the same 

« Z. physik. Chem., 6, 319 (lb90). 

* W. Ix)b, Z. physik. Chem., 14. 424 (1S91). H. Koi.po, Z. physik. Chem., 16, 2()1 (189.5). 
S. G. Hedin, Z. physik. Chem., 21, 272 (1S9G). 

* Wladimiroff, Z. physik. Chem , 7, 529 (1891). 

< Wied. Ann., 34, 299 (188H). 

® L. V, Balxi, liber die Spannkraft doa Waaserdainidea in SiilzloHinigon, Frei})urg (IS-IT). 

•Ann. Physik, [2\ 103, 529 (18.58); 105, 85 (18.58), 110, .501 (18r>0). 
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solution, the lowering due to a non-volatile substance is, at all temperatures, 
the same fraction of the vapor pressure of the pure solvent. 

The later methods of Tammann ‘ and Raoult,® though allowing only a 
limited degree of accuracy, nevertheless led Raoult, as a result of his exhaustive 
experimental investigations, to the enunciation of his law already discussed. 
The method of Raoult consisted in introducing a pure liquid into a barometer 
tube inverted over mercury, a solution with the same liquid as solvent into 
another similar tube, and then comparing the heights of the mercury column 
in these tubes with that of a third which was connected to a volume of air of 
known prc.ssurc, all three being connected through a common reservoir to an 
adjustable mercury container. By use of his simple apparatus Raoult could 
determine a difference in pressure of 10 mm. of Hg with an accuracy of 2 
per cent. 

Bieterici * first u.scd a differential method for the determination of vapor 
pre*8sure lowering. This method depending as it does on a direct measurement 
of the difference in pressures between .solvent and solution, instead of absolute 
measurements of both, is capable of most refined accuracy and all recent 
methods arc based on this principle. Dieterici used 
the movement of a gla.ss j)late (0.08 mm. thick) as 
measunal by its torque effect on a quartz thread which 
was attached to a mirror as a mi'ans of measuring 
the difference in i)ressurcs between solvent and solu- 
tion. Readings could be made with an accuracy of 
0.001 mm. Hg over a range of 0.1 to 0.01 mm. His 
apparatus is shown in Fig. 16. The method of 
Dieterici was further imi)roved by Maier ‘ and 
Seiferheld.® Improvements in the construction of a 
differential manometer were carried out by Lord 
Rayleigh,® Hering ^ and Miindel.® Applying the 
Rayleigh manometer to the measurement of vapor 
pressure lowerings, Frazer and Lovelace ® have 
described a mc'thod of precision which has yielded 
quite accurate data for .solutions of maiinite, sucrose, 
KCl, NaC’I, LiCd and HCl over a range of from 
20°-30°.‘® 

» i4nn. Phyaik, [3] 24, 523 (18S5); 36. 002 (1889). 

•Compt. rend., 103, 1125 (1880); 104, 970, 1430 (1887); 107, 442 (1888); Z. physik. 
Chem., 2, 353, 372 (1888); Ann. chim. phys., (0) 15, 297 (1888); 20, 37.') (1890). 

*Ann. Physik, [3] 50, 47 (1893); 62, 010 (1897); 67, 859 (1899). 

< .4nn. Physik, [41 31, 423 (1900). 

» Disa. Tubingen, 1911. 

*Z. physik. Chem., 37, 713 (1901); Trans. Roy. Soc., 196, 205 (lODl). 

» ^Inn. Physik, [4J 21, 319 (1906). 

* Z. physik. Chetn., 85, 435 (1913). 

*J. Am. Chem. Soc., 36, 2439 (1914); Z. physik. Chem., 89. 155 (1914). 

Froior, Lovelace and Miller, J. Am. Chem. Soe., 38, 515 (1910); Fraier, Lovelace and 
Rogers, t5u/., 42, 1793 (1920); Fraxer, Ixjveluce and Seaae, ibid., 43, 102 (1921); Fraxer, 
Lovelace and Bahlke, ibid., 45, 2930 (1923); II, Parker, Didsertation, Johns Hopkins Univ. 
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The following description of the apparatus is taken from the original paper 
of Frazer and Lovelace. The apparatus is shown in Figs. 17 , 18 and 19 . 

The entire apparatus is built around the Rayleigh manometer, shown in Fig. 17. One 
side of the manometer communicates with the solvent bulb // and the other with the solution 
bulb 7. 1, 2, 3. 4, 5, 6 (Fig. 19) arc mercury traps which serv'o as stopcocks. They may 

be opened or closed by adjusting the position of the mercury reservoirs. The long ones are 
of barometer height, while the short ones are about 10() mm. high. Since ordinary stop- 
cocks are not employed, the u.so of lubricant is juoided. The large bulb, C, i.s introduced 
to increase the capacity of the system and thus facilitate removal of air from solution aiul 
solvent. B is a pho.sphorus peiitoxide bulb pro\idcd with a ground gla.ss joint and mercury 
seal. A i,s the McLeod gage. All connecting tubes are .seven mm. internal diameter. 

“After the apparatus was put together .all parts of it except the Rayleigh mnnometor 
and the phosphorus iicntoxide bulb were thoroughly steamed out. 

The bulbs containing solution and .solvent are immersed ip a water bath, the tem])eraturo 
of which does md vary over periods of several hours more than O.OOr, as road on a Beckmann 
tliermometer. Experience has .shown that the Ra\leigh manometer i.s (piite sensitive to 
fliictuation.s of 0.00.1° in the b.ath teinp(*ratur(‘, if tlu'.sc fluctuations occur ovc'r .short intervals 
of time. While it is thus necessary to avoid sensible variations in the temperature of the 
solution and solvent, no .such constancy of tempcr.ature is neces.sar.v for the other parts of 
the system. 

“In carrying out a comjdete experiment th<‘ following i>rocedure is adoptisl' The pro])er 
amount of carefully cleaned mercury is jioun'd into each of the reservoirs attached to the 
open ends M, M, M of the apparatu.s and the (‘iifire .system exhausted repeatedly to the 
highest vacuum attainable by the pump. The zero jioint is then determined, after which, 
.solvent, partially freed from air by boiling, is introduced and the remaining trace of di.ssolvod 
air removed, .a.s described later. The .solution, also jiartiallv freed from air, is next introduced, 
and, after complete rcmo\al <4 dis>olved air, the zero point may Ix' reilcfcrmined. Finally, 
the jircsMire of vapor over the solution is balancial ag.ainst that of the vajtor over the solvent 
and the scale deflection read. The entire :n)piiralu.s li.aving been exhausted, trap o is closed 
and the solvent, freed from air as coinpletciv as pos.siblc by long boiling, is introduced into 
the bulb. In this operation, the.sohent need not come in contact with air and it is, therefore, 
l)os,siblo to introduce into the api>aratus .solvent that is practicall.v air-free, Them is, how- 
ever, ill actual tinictico, alwa\.s a tnic(> of air to be removed after tin* solvent U in the bulb. 
This is accomplished in the folhiwing manner: Tiaps 1, 2 ,and t (Fig. 19) and the McLeod 
gage are closed, and trap .'> openi'd and allowed to st.ay ojien 21 hours. Traj) !j is then closed 
and 2 opened. After the absorption of water vjipor bv the iiho.sphorus pentoxide in B is 
cornjilete, the McLeod gage is opened and tin* pressuie dep'rniined. 3'he residual air is 
pumiied out and the process lepeated as many times ;is nia\ lx* necessary for eomple^j; removal 
of di.s,solved air. The sohent, haMiig once beiui fieed from air. may remain in the apparatus 
indefinitely and it is possible at any time to exaimnc its x.aiior ff)r air. Trap 3 is now ehised 
and 5 opened. 

“Fig. 18 shows a device <-mplo.\cd for partial removal of air from tlie solution Ix'fore it 
is introduced into the aiiparatus. The bulb is drawn down at r*aeh ejul to a capillary and 
enough solution introduced, at the ordinar.\ temperature, to fill the bulb cornpletel.v at 
S5°-90°. The lower cajullary is then sealed olT, the upper end drawn riown to a very fine 
capillary, A (about ().0.'> mm.), and the whole heated to the temperature at which the solution 
completely fills the bulb and capillary. The latter is then sealed off and the solution allowed 
to cool and stand 24 hours in the jrartial vacuum thus rrbtaincd. The tip of the capillary 
is next broken off and the jirocess n'peated. Fi\<) repetitions of this operation are sufficient 
to remove nearly all the air. The solution is tln-n introrluced int/) the bulb 7 without coming 
in contact with the air and the last traces of dissoKed air removed in the manner already 

(1921); L. (’. Beard. Dissertation. .Tohn.s Hoj)kins Fniv. (1922), W. Norris, Disserlatifui, 
Johns Hopkins Univ, (1922); R. K. Ta\-lor, Dissertation, Johns Hofikins IJniv, (1923); 
8. S. Negus, Dissertation, Johns Hoj^kins L’niv. (1923), Grollmau, unpublished results (1921). 
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.losmhcd tor the solvent. The extent to which the solution Ls conconln,lc<l ,lnri„« the 
process of removal of air after introduction into the hull, I may Iw accurately calculaled 
a„d never exceeds 0,1 per cent. After the removal of air U complete, trap 4 is closed and 
ti oi)oncd, and a measuremf'iit may now be taken. 


“Observations on the Rayleigh manonuder during the progress of the removal of air 
frfiin the solution are very interesting. It is to be remembered that at this stage the vapor 
pressure of the air-free solvent is balanced against the pn'ssure over the st.huion whieh is 
etpial to the vapor pressure of the solution plus a small air pressure. As long as any air 
.omains in the solution (even the smallest traee). a ^ery h.ng time is necessary for the estal.- 
hshnient of efiuilibrium after the opening of tiap (i. The pr.‘ss„re in the solution limb <,f 
the manometer, at first very nearly the true vapor pressure nf the solution. slo«Iv inen'a.ses 
for 24 or 48 hours, depending on how mueh air remains \fter eiiuilihrium is attaine.l. the 
dilTerenec in pressure in the tv\o limbs is read in the usual way by noting the scale d.-flection. 
To this apparent depression is added the air pressure m the system, subset, uenlly determined 
!)> means of the McLeod gage, after alisoiption of the water \apoi by the plios]>hnrus pen- 
toxide. The depression thus obtained agrees ver\ clos,.I\ . to about 0 t)01 mm., with the true 
depression measured later, after complete remnval of air ’’ 


Results for mannito .solutions, obtaiuod by Fni/aT, LonoUkt and Rotors,' 
tiro given in Table VIII. 


T\HLL VIII 


Vapou Pukshi’iik laiw kiiino ok Aoi'i.oi .s .MwniiI'. Soi.i iiov.s 


( irarn.s of Man- 
nite tier lOOO Ci. 
of Water 
(in Vacuo) 

17 . 9 .S 0 

ati.oot 

M.Ool 

71 . 1)17 

SD.il.TS 

108.248 

108.498 

120 . 28.8 

141 . . 857 

102 .. 8.82 
102 . 18 .') 
180 .irjl 



Low Cling ( 'ale. 
.\cf oiding to 
ItaoulCs Law 


0 0.81 1 
0 0(»22 
0 09.8] 
0.12.89 
0 l.')17 
0 i.S.VS 
0 18(>2 
0 2101 
0 210!) 

0 .807(* 


I )ilTeiciice 
between ( 'ah' 
and Obs. 
Lowerings 

0 00(M 
0.0008 
0.0009 
0 0012 
0 0011 

- 0 (M)02 

- 0 t)001 

- 0.(KM)2 

- 0 0009 

- 0 0019 

- 0.0017 

- 0 0020 


Another form of difTerimtial manometer du«’ to .‘smits* Ims ffiund application in th(! 
accurate mea.siirement of \ :ipor piessurc loweiiiigs and is sliow n in Kig. 20. 'I'he luw'er narrow 
Iiart of the manometer is filh'd with aniline (.1) o\er which is a la\er of water (fi) which 
continues into the wider iipjaT iiorlion. 'I’his in turn is ciivereil with a lii.\er of oil to prevent, 
any influence of the wafer vajior. For the matheniatieal th<'or\ of the readings tin* reader 
is referred to the original article of Smits or to .hdliiick ^ 

Dynamic Methods: Tlie dyimmic lucllnxls of detcnnifiing v.ipor pres, sun; 
lowering arc much .simpler to carry out (‘xpcrimcntally and Ikmicc have found 

' J. Am. Chem. Soc,, 42. 1801 (1920). 

2 Z. physik. Chnn., 39. 8.80 (190<i). 

* Lehrbuch dcr Physikahschen Chemie. xol. 2, p. 7.V.1 (.Stuttgart, 191.5). 
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wide application, though the resultfl obtained lack somewhat the precision of 
the best static methods. One can, for example, determine the pressure at 
which a pure solvent and its solution boil at the same temperature as had been 
done by A. A. Noyes and C. G. Abbott,^ H. M. Goodwin and G. K. Burgess,* 
and A. W. C. Menzies.^ The method of Walker * 
consists in passing a known volume of air through 
the pure solvent and the solution; by determining the 
amount of vapor so removed, wo can calculate the 
vapor pressure of the solution in question. 

Excellent results have been obtained by the Earl 
of Berkeley, E. G. J. Hartley and C. V. Burton,*^ 
who improved the method by passing the current of 
air over the liquids in order to avoid change of pres- 
sure in the apparatus. These investigators deter- 
mined the amount of vapor lost by the bulbs contain- 
ing the solution, while Washburn and Heuse * 
weighed the amount of vapor taken up by absorption 
in a suitable apparatus. The chief errors in the 
method are due to the difficulty in accurately measuring the aspirated air 
and maintaining constant temperatures.* 

The Experimental Determination of Freezing and Boiling Points : Of all the 
colligative properties, none lend themselves to experimental determination so 
easily as freezing and boiling points. Tlu^ ease and accuracy with which 
thermometric readings may be made, esp(M‘ially <lilTerential readings, as by 
the Beckmann and platinum resistance tlu'rmoineters, have made the wide 
application of such determinations possible. Moreover, since simple relation- 
ships arc known, whereby the other colligative jiroperties, such as osmotic and 
vapor pressures, may be calculated, these measurements are used w'here ex- 
perimental ditficulties make the direct determination of tin* others difficult or 
inaccurate. The great limitation in the value of freezing- and boiling-point 
data, however, lies in the fact that they are limited to a single temperature, 
and, hence, cannot, without doubtful a.ssumptions, be applied over a range of 
temperatures. 

The earliest determinations of freezing-point lowerings were made by 
Blagden,® who showed the prop(>rtionality betw(‘en freezing-point lowering 
and concentration. Numerous experiments were later made by Riidorff ® 

' Z. phyxik, Chrm., 23, 5U (IHU7). 

*Z. physik. Chan., 28, DU (1SI)0). 

*Z. physik. Chvm., 76, 2M (1912). 

< Z. physik. Chan., 2, ()U2 (1888). 

U*hit. Trnns. Roy. Soc., A 206, 177 (1909), A 218, 293 (1919). 

*J. .Iwi. Chan. Soc., 37, 309 (1919). 

* For W)ino very recent (letertniiuitions of vupor |)re.«*sure lowerings tce Rousfielcl, Proc. 
Roy. Nw., 103A, 429 (1923), luul Dieteriei, .Inn. Phystk, 70, 017 (1923). 

^ Phil. Trims., 78, 277 (1788); Ostwald’s KlusMker, No. .''•O, Leipzig (1894). 

• .iMH. Phystk, (2] 114, 03 (1801), 116, 35 (1802); 122, .3.37 (181v4), 145, .WO (1872). 
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and Coppet/ the former of whom developed experimental mechamcal details 


and showed that, from many solutions, the solvent crystal- 
lized out in a pure form at the freezing point. 

The extensive work of Raoult * led liiin to his generaliza- 
tion which we have already discussed. Other workers may 
also be mentioned, Hollemann,^ Auwers,' Fabinyi.^ Kyk- 
mann,® Klobukow,^ but it was not until tlie work of Heck- 
mann ® that any exj)erimentally accurate aj)paratus was 
devised. 

Ilis apparatus, which, due to its .simplicity and accuracy, 
has found wide a})i)Iication, i.s shown in tin* accompanying 
diagram (Fig. 21). 

Various refinements in experimental techni<pie have 
been introduced by the numerous workers who have carried 
out freezing-point determinations. We may mention tlie 
work of Loomis,® Haoult,*® 11. ('. Jones," Wildermann,'® V. 
B. Lewis," Abegg," Ilaiisrath,"'’ Ponsol,*® UololT," and 
Richards.*® 

Due to the fact that the formation of a n(*w pha.se at 
the freezing point is more n'gular in its action than at the 
boiling point, determinations of the forni(‘r can be carruMl 
out with greater accuracy. In both det(‘rminalions, how- 
ever, the usual therniometric errors, such as irr(*gularity in 



bore and sticking of the mercury thread, must be candidly 
considered and obviated. A sourc(‘ of considerable error is 
the varialile depression of the i<*e point dm* to changes in 


Fit). LM. Hcck- 
iMiuin’s A])]»ir!itiis 
for Fn'cziiiK-PoiMt 


' .Imi. chun. phys., [4] 23. (1S71), 25. .ML' (1.S72), 26, US (1H72). 

* .t/oi. chtm. phyfi , (.j] 20, 217 (ISHO). 28. IMl (isM). (n) 2, (>(*. IW (IKht), 4. -10] (ISH.^)); 
8. 2S1), ;n7 (1S.S0), Jour. Phy.s., |2) 3. 10 (iH.sl). 5, 0.'. (ISSO), Z />////, s(A- ('l„,n , 9, aia (1K(»2), 
('ryoHC()i)ic, Si-ric plij .sico-mallicriiJiluiiK*. .\o 14, I'.oh ( 101 1 ). 

* Ber., 21, NOO (IhSH). 

< Bn.. 21. 701 (IShb). 

‘ Z. phyKik. Chrm., 4, OO-t (IHHO), 

‘ Z. physik. Chan., 4. 407 (ISSO). 

^ Z. physik Chcni., 4, 10 (IHSOJ. 

* Z. physik. Chan., 2, 0.'1S (ISSS). 

* A?m. Physik, [:i] 51. .MMi (1804); 57. .^)I1 (IHOO). /. physik Chun., 32, 7)81 (1000); 
37, 408 (1001). 

‘»Z. phy.sik. (’hnn., 27, 022 (180h), Ann. chitn phys , (7| 16. lOH (1S!>0). 

physik. Chan., 11, 111, .520 (180.1), 12, 02.1 (ISOa), (’:irii«Kir Inst. Pul)., No. 80, 

No. 180. 

'*Z. physik. Chan., 15, .'137 (1804), 30. .510 (ISOO). 

physik. Chan., 15, 305 (1804). 

" Z. physik. Chem., 20. 208 (1800). 

“ Ann. Physik, [4] 9, 542 (1002). 

"Ann. chim. phys., 17] 10, 79 (1897). 

>■ Z. physik. Chan., 7, .323 (1891), 22. 010 (1897). 

"Z. physik. Chem., 18, 572 (1895). ./. Am.'f’han Snr , 25, 291 (1903). 
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volume of the bulb resulting from molecular changes in the glass with change 
of temperature. Thi.s error is obviated by keeping the thermometer at the 
temperature of the experiment for a long period and redetermining the ice 
point after the experiment. In this way its variability may be reduced to 
O.OOO/r In the case of precise measurements correction must also be made 
for pressure variations, both external and internal, which affect the readings, 
N(‘rnst ^ first showed that in cryoscopic determinations constancy of temper- 
ature did not necessarily denote the freezing j)oint, but that a final constant 
reading might result as well from a balance in the interchange of heat between 
the freezing mixture and the solution, and the establishment of equilibrium 
between tlu; liquid and solid phases. Unless this convergence temperature 
coincides with the true freezing point, errors as high as 20 per cent in the value 
of the rnohaailar depression could be introduced. Nernst and Abegg indicated, 
however, how the obs(;rved values could be corrected to give the true freezing 
point. 'J'he determination of the concentration at the freezing point is also 
of fundamental importance and numerous devices have been introduced to 
make tliis (h'terminatioii pr(‘ci,se. 

Of the more recent determinations of freezing points, we may mention the 
work of Heckmann,'* Jahn,'’ liedford,^ Fliigel,'’' Adams,^ C’ernatescu,*^ to which, 
as W(*ll as to the work already cited, rehuvnee should he made for a description 
of the vari(ms details nece.ssary for precise determinations. In the method of 
Adams, whose apparatus is shown in Fig. 22, a rapi<l and certain equilibrium 
is brought about by stirring with a large amount of ice; the depression of the 
freezing ])oint is accurately determined by means of a thermocouple and 
sensitive potentiometer; and the analysis of the solution is made with a high 
degree of accuracy by the use of an optical apparatus. 

Results obtained by Adams with aqueous mannite .solutions arc given in 
Table L\.« 

Boiling-Point Determinations: The earliest measurements of the raising of 
the boiling point, due to the addition of a non-volatile solute to a solvent, 
were made by Faraday,*® Orifliths,'* and Legrand,'* but no accurate work was 
done until the important work of Raoult *'* and Beckmann.** 

' Cf. Ostwuld, Liitlicr, Druckcr, l’hy.^i(*(>-(;hemi.s(•ho M(*s.suiik(‘ii. 

* Ncriist and AIjckk, Z. physik. Vhvni., 15, (kSl (ISIM). Ncrnht nnd JIausrath, Ann. 
Physik, (4) 17, lUlS (lUO.'i). 

^Z. physik. Chem., 44, 1«'J (ISMKp. 

*Z. physik. Chan., 50, 120 (15KM): 51. 'M (1907). 

» Proc. Roy. Soc., A 83. 4.54 (1910). 

«Z. physik. Chan., 79, 5;j7 (1912). 

^ J. Am. Chan. Soc., 37. 481 (1915). 

• .Ian. iSci. Univ. Jasscy, 10, 259 (1920). 

»y. Am. Chem. Soc.. 37, 492 (1915). 

•» Ana. chirn. phys., [2] 20. .'124 (1820). 

" Aaa. Physik. [2] 2, 227 (1824). 

>* Ann. chim. phys., (21 59, 425 (1835). 

^H'ompt. rend, 87. 107 (1871); 122, 1175 (1890); J. Phys., [2] 8, 1 (1889); Aaa. chim. 
phys., (0) 20. 301 (1890); TononiC'trie in Sciontia (('arr6 et Naud, Parts, HUM)). 

‘♦Z. physik. Chem., 3, 003 (1889); 4. 532 (1889); 5, 70 (1890); 6, 437 (1890); 8, 223 
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TABLE IX 

Freezing-Point Depressions of Aoi koi s Mwnitk Suu vidns 



Modifications of the Hcrkinann apiciralus have been made whieli have 
rendered it a most precise method for plivdeo-eliemical measurements.' Tlie 
boiling-point metliod lias certain inherent errors which require spm’ial tire- 
cautions unnecessary in the determination of freezing points. Care must bo 

(1891): 15 , 650 (1894), 17 , 100 (189.',). 18 , I7.{ (ls9.',i: 21 . 245 (1890); 22 , 009 (1890); 

40 , 129 (1902): 44 , 101 (1903), 51 . 329 (1905). 53 . 137 (1905); 58 , 543 (1907); 63 , 177 

(1908): 64 , 500 (1908), 78 , 725 (1912), 79 . 505 (1912). 86 , 3.37 (1914); 88 , 13, 23. 419 

Smits, Z. phymk. Chrm . 33 . 39 HOtMl); 39 . 404 (1902). SUihlcr’-s Handhurh dcr 

Arbeitsmethoden in Anorg. ('hem., vol. HI, OP- 131 10-t, Leipzig, 1913. 
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taken to measure the temperature of the solution rather than that of the vapor, 
which soon cools to its condensation point, giving the temperature of the 
boiling solvent. Tliis error has been overcome by an ingenious device due to 
Cottrell ‘ wlio, instead of immersing the thermometer bulb in tlie liquid, 
thereby running the risk of error due to superlieating, places it in the vapor 
phase as in tlie case of a pure licpiid, and cau.ses the boiling liquid to pump 
itself over the thermometer bulb. The api)aratua of Cottrell is shown in Fig, 
2.‘1. "I’lie tube d serves as Ji pump and insures the passage of solution in intimate 
contact with its vapor over the thermometer bulb. The glass sheath, ./, which 
is attached to tlu* ground gla.ss stopper, .serves to protect the bulb from the 
condensed vapor. Tlie solute is introduced through the tube H and the sample 
for analysis removed by the application of air pressure at its open end. 

The method of heating the solution to be studied is also of primary im- 
portance. The early methods in which the heat was a])plied externally have 
been replaced by electrical devices first introduce<l iiy Higelow.^ This method, 
further imjiroved by Beckmann and Mathews,'* consists in heating the solu- 
tion by an electric current which pas.ses through a platinum spiral placed in 
the solution. The use of this method may be limited by electrolysis which 
may occur in the solution. Inasmuch as the boiling point is greatly influenced 
by pressure changi's, it is not only necessary to maintiiin a constant external 
pressure, by the use of a suitable manostat, but the difference in boiling point 
of the various layt'rs of the liquid due to hydrostatic ])ressure of the liquid above 
it must also be considered. In order to eliminate the influence of the temper- 
ature of the environment on that of the liquid under inv(*stigation, Beckmann 
has introduced an ai)i)aratus which is surrounded by a mantle in which the 
pure solvent is maintained at its boiling temperature. 

For a description of the various forms of apparatus in use, the reader is re- 
ferred to the original papers of the numerous investigators, especially tlie coin- 
I)rehen,sive work <jf Beckmann and the authors already cited. ^ 

In the method of Hakurai, superheating of the boiling liquid is ])revented 
by passing the vapor of the pure solvent through tlie pure liquid solution. 
The vapor condenses in the liquid, which is previously heated almost to its 
boiling point, the heat thus liberated raising the temperature to its boiling 
])()int. 

' J. Am. Chan. Sue., 41, 721 (l‘.)19). 

Mm. Chan. 19. 5S1 (I.SU7). 

M, phudk. Chan., 03, 187 (1908); 78, 725 (1912); 88, 2;{ (191 1). 

* Tram. Am. KUrtrochern. Hoc., 19, 81 (1911). 

*StH) iilso Siikurui, J. Cfumi. Hoc., 61, 989 (1892); LaiulshrrmT, Brr., 31, 401 (1898); 
Walkor uiul Luni»dt>n, J. ('hem. Hoc., 73, 502 (1898); SiK'yor.s, ./. /'Ai/.s. Chan., 1, 700 (1898); 
Kow'-Innes. J. Chan. Hoc., 81, 082 (1902); Hurt. J. Chan. Hoc, 85, 3:i9 (190-4); Turm-r, 
J. Chan. Hoc., 97, 1104 (1910); Dnioker, Z. physik. Chan., 74, 012 (1912); Washburn and 
Head, .Im, Chan. Hoc., 41, 724 (1919); HeihonlM^rK and Hraucr, Z. physik. Chan., 95, 
184, 512 (1920); Mtuizit's aiul Wright, J. Am. Chan. Hoc., 43, 2214 (1921); Spencer, J. Am. 
Chan. Hoc., 43, 201 (1921). 
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Thermodynamic Considerations of the Ti\\vs ov Diiatte Soeutionr 


In our previoHR considoratinns wo hiivo devolopod t\\e \'aws dWuto solvi- 
tioiiR with special reference to the ultimate particles or molecules which make 
them up. As in other branches of theoretical chemistry, this j)oint of view, 
despite the many advantages which it offers, is not essential, but we may 
develop all our Kcneralizations by tlu'rmodynainic considerations, that is, by 
considering the energy relations involved in (he various e<iuilibria witli which 
we have to deal. The study of solutions from the thermodynamic standpoint 
was first developed by vaift Hoff, who was led to their study by his epochal 
work on the energy relations of chemical reactions and chemical etpiilibrium.' 
The essential results of van’t Hoff’s tlu'oric's hav(‘ also been (levc'lojied, without 
reference to the concept of osmotic pressure, by Planck,* who is to bi' (amsidenMl, 
with van’t Hoff, as the co-founder of the modern theory of solutions. The 
general thermodynami<‘ theory has also Ixam (>xpanded cliiefly by van der 
Waals,' Van baar,-* J. W. (libbs,^' (1. N l,e\\is,«and K. W. Washburn ^ 

van’t Hoff’s Proof of the Identity of the Gas and Osmotic Pressure For- 
mulae: As we have already mentioiu'd (p. 2;it>). thermodynamic consideratiems 
alone do not allow the developnu'ut of all the relations (ff solutions but w(‘ inust 
start with some enpiirical relationship whose accuracy we assume, 1 he 
identitv of the e(iuation PV = nPT for both gaseous and osmotic pressures 
w’as first shown by van’t llotT The following deimmstralion follows more 
closclv that given liv Kavleigh " In this deinatioii the aiiplicability of Henry's 
law will be assumed. This law. which staK- that the concentration of a gas 
dissolved in a liciuid i'* proportional to the 
])ressurc of the gas at that teni|)eralure, has 
been shown to liold in those* ca''e*' m which 
the solute' has the same nuelecular form in 
the gaseous and dissolved states, and the as- 
sumption of its validity mav, theieloH', be 
considered as permissible in noimal case's. 

Let us ceiiisieler a reversible* c\ e-lie- proe-ess 
carrieel eeut at a ceuistant te'mpe'iature-. 7, in 
whie-h one nude e)f a disse>lve'ei gas is ie'mei\e‘d 
from a seilution and then re-sleu-e-el to its origi- 
nal cemelitieeii, by u.sc of the imaginar\ elexu-e' 



< thornuxlynaiairtchc Potenliiil 


’ /J. jihi^stk. Chrin., 1, ISl (ISS7) a 

< Am,. |:i| 32, lli2 (1SN7) Z 1, M (ISSO, 2. 4"- •I'"'"). »• 

lh7 (IMIO). Arm. Phy.sik, [11 10. l.iU ( I'.KM). 

p/iws-y. rvirm.. 5. laa (isaei). ■ , « . i 
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hIiowii in Fig. 24. A gas, whoso pro.ssure is p, in equilibrium with its solution, of 
osmotic pressure P, is separated from the latter by a semi-permeable membrane 
ah which only permits the gas to pass through it. Let us assume the vapor 
pressure of the solvcmt to be negligible compared with that of the gas. The 
walls of the cylinder, ac and hd, in which the solution is contained, are permeable 
to the solvent but do not allow the gas to pass through. The ends of the 
cylinder are closed by impermeable pistons A and B. (Consider the following 
H'versible process: 

(1) Let the jastons A and B move upward so th;it a volume r, equal to 
the volume occupied by 1 gram-mol. of the gas at pressure ??, is transferred 
through the membrane ah from the solution to the gas. The piston A there- 
fore moves upward through a volume a, while the lower piston B moves through 
a volume F, equal to the volume ()f solution in which 1 gram mol. of the gas is 
dissolved. The solvent correspcmding to this volume of solution simultaneously 
passes throtigh the walls ac and hd. The maximum work done by the system 
in the reversible movement of the upper piston is pc while that done upon the 
system by the external surroundings in moving the lower piston is - P\\ 
the negative sign indicating work done on the system. Hence the net work 
(lone in this stage is pv — PV. 

(2) VV{! wish now to n'store one gram-mol. of the gas at a prc'ssure p to the 
solution by a reversible and isothermal path so as to obtain the maximum work, 
('onsider a volume v of the gas at pre.ssure p, .separat'd from the system. Let 
this gas expand isothermally and rev(‘rsibly to practically infinite volume, so 
that the maximum work done in this proc(‘.ss is 




{ '■» dv 


HTlu-- 


If the gas is now brought into contact with a volume V of solvent, it will dis- 
solve infinitely slowly, since it is infinitely dilute, and tin* process will, theiv- 
fore, be reversible. If the gas is gradually compressed by a frictionicss piston, 
it will dissolve and the work done on the system by this proca'ss will be 



P\dvx. 


To evaluate this integral we must obtain a relation between pi and V\. They 
are not related by the equation piC, = RT since at any stage of the solution 
j)rocess we no longer are dealing with one mole, some of the gas having already 
di.ssolved. When one mole of the gas has dissolvc'd, the pressure of the piston 
is p so that, if we assume the validity of Henry’s law regarding the propor- 

tionalitv being the amount of gas dissolved and its pressure, — mole of gas 

V 

will dissolve at the jiressure pi, h'aving 1 — ~ undissolvcd. Applying 

P 
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the i>crfect gas equation to this amount of gas, we have at any stage 


/>!?’! 




ItT 

and substituting for p its value, — , we fiuallv oblain 

V 


Ih ■■ 


liT 
V + r, 


as our desired r('Iati»>n witli which we may new deri\e (he value of ilu' iu(('gral 

- - ( “/{'/'--' - - - ur/,1 ' ''• ■ 

Jr, Jr, /'i -f r V 

Since v is negligible compan'd to r^, we can wnlt' llu' Iasi ('xpression as 


- UTI„ ■ 

V 

If HOW' W(‘ ndurii this volunu' of solution to ( he original solution, wliieh process 
involv(‘s no work, w(* ha\e (nir (»rigin:d systmn and iKUice llu' sum of the work 
terms done in this reversible and isothermal cycle must b(‘ ('(pial to /au’o. 
That is, 

pv - py -f /r/7//’^ - irrin''^ - o 

V V 


or 

pr PV. 

Hut, by the perfect ga^ law, pv — HT. H('n<‘(>, also, 

PV = irr, 

which is our desired relationshij). 

Relation between Osmotic Pressure and Vapor Pressure Lowering of a 
Solution: The vapor space above a solution which contains but, one volatile 
constituent may be regardeil as an ideal semi-permeable membra rm permitting 
the removal of this constituent only. Let us 
imagine an apiiaratus as in Fig. 2o, which consists 
of a cylinder fitted above with a pistmi which 
permits the passage of only the vapor of the sol- 
vent and at the bottom with a membrane which 
permits the pa.ssage of only the liipiiil solvent. 

Intervening between the .‘iolutioii and piston i.> 
a gas (helium, for example) which dFsolves but 
slightly in the liquid and .serves to transmit the 
pressure e.xerterl by the piston. If a pressure p is 
put on the system by the piston winch is equal to 


Vepor 


Gas & 
Vapor 


Solution 


Solvent 


Flo. L>r, 
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the ()Hmr)tic pre.sKure P of the Kolution, then equilibrium must exist at both the 
upper and lower membranes, otherwise a continuous circulation of the solvent 
would occur through the cell. Therefore, the partial pressure of the solvent in 
the Has sf)nc(‘ beneath the upper piston must be equal to the vapor pressure of 
the pure solvent outside and the osmotic pressure may bo defined as the excess 
pressure which must be put on a solution in order to make the vapor pressure 
from the solution (‘([Ual to that of the pure solvent at the same temperature, 
'i'lie effect (»f mechanical pressure on the vapor pressure of a liquid was first 
slujwn by Thomson and is expnissed in the following ecpiation: 

dpn _ Vq 
dP~ v' 

where P is tlu! aj)plied jm'ssun*, To is the inolal volume of the liquid and v 
its molal volume in the vapor state. 

For the relation Ixdween osmotic pressure and vapor|)ressureat equilibrium, 
we have from the above relation 


di>_ _ _ , 

dP T ’ 


Here, Fo is the molal volume of the solvent in the solution, 'riien, since 


But since 


the integral of which gives 



HT ^ dp 
To p 


dp _ dx 
p 1 — X 


dP = 


HT dx 
I'o 1 - X 


HT 

ln{l - .r)], 

I 0 

which on expan.sion becomes 

P = + + + ■■■)■' 

1 0 


In the case of dilute solutions, where x is small, the above equation reduces 
to PVo = xHT, The same relation may be shown in the following manner: 

The osmotic pressure of a solution is only a manifestation of the lack of 
equilibrium between solution and pure solvent which also manifests itself in 
* See Findlay , Osmotic Pressure, page 01. 



THE LAWS OF DILUTE SOLUTIONS 


273 


the vapor phase by a difference in vapor pressure of the two. By the following 
isothermal and reversible cycle we wish to derive a relation between the osmotic 
pressure and lowering of the vapor pressure due to the presence of a non- 
volatile solute. Let us imagine a cylinder, as shown in the accomiianying 
diagram (Fig. 26), containing a solution in contact with 
its vapor at a pressure p. The cylinder is closed at tlie 
bottom by a piston nb acting as a semipcrmeabic mem- 
brane by means of which the pure solvent can l)e re- 
moved osmotically from the solution. Let />n be the 
vapor pressure of the pure solvent and P the osmotic 
pressure of the solution. 

(1) By means of the piston nh, which, acting as a 
semi-])ermeable membrane, allows the i)assage of sohent 
but is impermeable to the solute, let us remove (tsinoti- 
cally and reversibly the voluim* of solvent dr. 'I'he work 
done by tliis i)roccss i^; — Pdr, the negative* sign indicating 
work done on the system. (2) I.ct Us allow tluN amount 
of solvent to be distilled isothermally and reversibly and expamleMl to yiedd 
its vajior at a pressure, /). liy this n'vei-sible expansion at llu* tempi'rature T, 
we gain an amount of work for one mole (apial to 

Rm ■ 

v 

If the amount contained in the volume dr was dv moh's, the work dom* by 
the system will be 

,hRn,’-^- 

V 

(3) If this vapor is now condei^ed at the temperature T and pressure p, 
in contact with the solution, the heat expemh'd by the condensation will be 
equal to that gained by the system in the evaporation consideri'd in (2) and 
hence these two effects cancel one another and nee<l not be (>valuated. 

Our system has now returned to its original state, and since the cyclic 
process has been carried out i-'Othermally ami rev('r''ibly, the lu't w'ork must be 
zero, that is, 

- Pih + .him, I ’-^=0. 

V 

If -V i.s the molecular weight of the solvent in the vapor state, will be 

dv 

the density of the liquid stdvcnt which we shall denote by p. Substituting in 

the above equation for — its value — , we obtain 
dv M 


(Osrnotic FVm5 


ic PrM5 • 


Fio. go 
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which is the required relation between the osmotic pressure of a solution, P, 
and the lowering of the vapor pressure of the pure solvent po ~ p. The rela- 
tion between vapor pressure lowering and osmotic pressure, as well as the 
variation of vapor pressure with hydrostatic pressure, has also been developed 
by J. J. Thomson ^ to which the reader is referred. 

Raoult’s Equation for Vapor Pressure Lowering: In the case of a dilute 
solution to which van’t Hoff's law of osmotic pressure applies, 

P = cRT, 

where c is the molar concentration of the solution. We may therefore write 




T PO 

In— ccc, 


which is the thermodynamically accurate form of Raoult's law. If the solu- 
tion is very dilute, i.e., po — p is very small, we may write 


P \ p / 


and, since the logarithm of one plus a very small number equals the number 


(McLnurin's theorem), we may write — — for In — 


The term ~ in 


Po P P 

the above equation is equal to Fo, the volume of one mole of the solvent which 
in a dilute solution can be set equal to Fi, the volume of one mole of the solu- 
N 

tion. Let us also write c as — , where N is the number of moles of solute con- 
tained in the volume F of .solution. Substituting these values in the 
original equation, we obtain 

El ^ 

Po F iVo 


where iVo is the number of moles of solvent in wliich N moles of solute are 
dissolved. This is the siini)le equation of Raoult which we have already de- 
rived in a previous section on purely kinetic grounds. 

Osmotic Pressure Formula for Higher Concentrations: The simple form of 
the van’t Hoff equation P = cRT, though applicable to very dilute solutions, 
is, nevertheless, only a limiting form of a more general equation which we will 
now derive from the above relationship between osmotic and vapor pressures: 


p pRT 

' Applications of Dynamics (o Physics and Chemistry. 
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If Vo is the molal volume of the solvent, we may substitute it for — in the 

P 


above equation and write it 


Vo P 


which is an exact expression even at large concentrations, provided the perfect 
gas laws apply to the vapor and the effect of pressure on the molal volume Vo 
be negligible. If we wish to express osmotic pressure in terms of the concen- 


tration of the solute, we must apply Ilaiuilt's law, i.e., substitute for — its 

P 

value obtained from tlie relation 


p = po(l - .r), 

where x is the molar fraction of the solute. Our ecpiation then becomes 
lo *0 

On expanding the term /«(1 - .r), the last equation becomes 

P = ?:^(j: + 2-f’ + k’ •••),' 

Vo 


which is tlie accurate form of the equation requinal. In the case of very dilute 
solutions, X is very small and lienee its higher powers may be neglected, so 
that the above equation may be written 

PVo = xHT. 


In the case of a solution in which 1 mole of solute is con- 
tained in a volume V of solution, this may lie written 
PY = which is the simple form of the van’t Iloff 
equation. 

Relation between Osmotic Pressure and Boiling-Point 
Elevation: A relation similar to those derived above will 
now be derived for the osmotic pressure and boiling-point 
elevation of a .solution. Let us a.ssuine (Kig. 27 ) that we 
have a solution enclosed by means of a frictionless semi- ^ 
permeable membrane ah, which acts as a piston, allow- 
ing solvent to be removed osmotically and reversibly. 

The solution whose osmotic pressure is P is at its boiling ^ 

temperature, T -f dT, where T is the boiling point of 27 

the pure solvent and dT the boiling-point elevation. 

(1) By means of the piston ah remove a volume dv, whose weight is dx 
grams of the solvent whereby the work - Pdv is involved. 

* Cf. Findlay, Osmotic Pressure, Longmans Green & Co., 1919. 


Vopor 


floiu^ion 

Osmotic Pr«Mi 
P 

Temp -T+dT 
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(2) Allow this volume of solvent at temp. T -h dT to be evaporated iso- 
thcrmally, thus requiring an amount of heat equal to Ldx, where L is latent 
heat of evaporation per gram of solvent. 

(.3) The vapor and the solution are now cooled to the temperature T. 

(4) At this temperature place the vapor in contact with the solution again, 
allowing it to condense and thereby giving an amount of heat Lxdx, where Li 
is the latent heat at temperature T. 

(o) Raise the temperature of the system adiabatically to the original 
temperature T + dT. The work in this process is equal and opposite in sign 
to tlie work in (3) and hence neither need be evaluated. 

Since we have carried out a reversible cyclic process, the algebraic sum of 
all the work terms involved can be equated to zero, i.e., 

— Pdv + Ldx — Lidx = 0, 

-f Pdv = Ldx — Lidx. 



where T\ is the boiling point of the solution, which is our required relationship 
between the osmotic pressure, P, and the boiling-point elevation dT. 

Since the solution is dilute, we can substitute for P its value in the equation 
P - cRT, which for the temperature Ti becomes P = cRTi, and obtain 


winch is the thermodynamically accurate form for the relation between boiling- 
point rise and concentration. 
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Osmotic Pressure and Freezing-Point Lowering: By considering n similnr 
cyclical process in which an amount of solvent is removed from a solution at 
the freezing point of the pure solvent, To, allowed to freeze, cooling the entire 
system to the freezing point of the solution. To — dT, returning the solid solvent 
previously removed back to the solution, by allowing it to melt, and finally 
restoring the whole system adiabatically to its original temperature. To. wo 
can derive a similar relation between the freezing-point lowering and osmotic 
pressure of a solution, viz,: 

P = 

To 


where L is the latent heat of fusion per gram of solvent, 7’o it'' freezing point, 
p its density, P the osmotic prosun* and dT the freezing-point lowering. By 
a substitution for the value of P, as was made in the ease of the boiling-i)oint 
relationshij), we obtain the equation eonm'cting (he freezing jxiint and con- 
centration of a solutioji 


dT = 


invc 


where c is the concentration of the solute. 


Kinetic Theohies ok Osmotic I’jiessuhe 

As we have already seen (page 214), van’t lIolT’ first showed the analogy 
between osmotic and gas pressure by show'iig (he applicability of tin* same 
eipiation 

PV = RT 

for both case'^. In this equati(»n, P is (he osmotic, pressure, w'hen 1 mole of 
solute is contained in volume V of solution and is also the gas pressure tliat 
would be produced if this same amount of solute were present as a gas in the 
Volume V. Just as the applical»ility «)f the perfect gas eipiation has been 
extended by the introduction of various correction factors, so numerous 
modifications of the simple osmotic pressure formula have been suggested which 
claim better concordance with experimental results and ajiplicability over a 
wider range of concentrations. These relationships, being based on a kinetic 
conception of osmotic pressure, are usually referred to as kinetic theories of 
osmotic pre.ssurc. 

It was found in the early work ^ on direct measurements of osmotic pressure 
that results more concordant with experiment are obtained if instead of ex- 
pres.sing V in terms of the volume of solution we expre.ss it in terms of the 
volume of solvent (w’ater) at its maximum density. This variation really 
amounts to correcting for the volume occupied by the dissolved substance, 

» Z. phyaik. Chem., 1, 481 (1887). 

* Morse and Frazer, Am. Chem. J., 34 , 28 (1510r»); 38 , 212 (1907). 
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analogously to the correction made in the case of gaseous pressures for the 
volume occupied by the molecules themselves. A comparison of values ob- 
tained by these two methods is given in Table X. 

TABLE X 

Osmotic PREfisonE of Aqueous Sucrose Solutions at 20® from Measurements 
OF Morse and Frazer 


Weight Normal 
Concentration 
(Moles Sugar per 

1000 Grams of Water) 

Volume Normal 
Concentration 
(Moles Sugar per 

Liter of Solution) 

Osmotic Pressure 
Calculated 
j According to 

Osmotic 

Pressure 

Observed 

Morse 

and 

Frazer 

van’t 

Hoff 

0.1 

0.098 

2.40 

2.36 

2.59 

0.2 

0.192 

4.81 

4.63 

5.06 

0.3 

0.282 

7.21 

6.80 

7.61 

0.4 

0.370 

9.62 

8.90 

10.14 

0.6 

0.453 

12.00 

10.9 

12.75 

0.6 

0.5.33 

14.4 i 

12.8 

15.39 

0.7 

0.610 

16.8 i 

14.7 

18.13 

0.8 

0.685 

19.2 

16.5 

20.91 

0.9 

0.757 

21.0 

18.2 

23.72 

1.0 

0.825 

24.0 

19.8 

26.64 


As will be seen by comparing the last three columns, much better agreement 
between the calculated and observed values is obtained by using weight normal . 
concentrations. 

In other words wo should, in calculating osmotic pressures, use the formula 
P = CRT, 

where C' is the so-called Raoult concentration referred to one liter of solvent, 
instead of the equation P = cRT in which the concentration, c, is expressed 
as volume concentration. 

Sackur ^ and Porter * have similarly shown that by the use of the formula 
P{V -b) = RT, 

in which V represents the volume of solution- in which one mole of solute is 
dissolved and 6 is a factor correcting for the volume occupied by the solute, 
we obtain results in agreement with experiment, as is seen by the data of 
Table XL 

> Z. physik. Chem., 70 . 477 (1910). 

* Trana. Farad. Soc., 13, 128 (1917). 
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TABLE XI 

Comparison or Osmotic Pressures or Aqueous Sucrose Solutions at 0* Calcu- 
lated BT Sackur, with Measurements or Berkelev and Hartlev 


PV Obsen-ed 

r 

P in .Atmospheres 

Pr Caleulatod 

26.7 

1.910 

14 

26.6 

30.7 

1.144 

26.9 

30.5 

36.0 

0.819 

44.0 

35.5 

43.0 

0.637 

67.5 

42.6 

52.6 

0.522 

100.8 

52.6 

61.1 

0.458 

133.7 

02.4 


PV (calculated) in the above table is derived on the basis b = 0.30, so that 
PV (calculated) = RT bP = 22.4 -f 0.30/\ The factor, h, however, is not 
a constant but varie.s with temperature and <*oncentration, wliich variation is 
attributed to changc.s in hydration with a concomitant change in the volume 
occupied by the solute. This .simple equation, however, fails to correct for tlie 
mutual attractions between solute and .solvent molecules and hence its agree- 
ment with e.xpcriniental results, in the ca.ses to which it has been applied, can 
only be attributed to a fortuitous balancing of these ('fTects. Moreover, as 
Schay ^ has pointed out, the equation of Sackur, 


expre.s.sing V in terms of concentration, merely involves a correction in the 
denominator, and hence we may write it as 

P = RTc{\ + be), 

which being a quadratic in c would be e.\j)ect(*d to give values in comparatively 
close agreement with e.xperiment. 

A great number of more complicated ecpiations have been suggested by 
Bredig,* A. A. Noyes, ^ van der WaaN/ lioltzmann,^ Lorentz,® IJerkeloy and 
Hartley,’ Callendar,® Fouard,’ Jaeger,'® Khrenfe.st," Jellinek,"' and others, in 

* Z. physik. Chem., 106, 378 (1923). 

*Z. physik. Chem., 4, 444 (1889). 

* Z. physxk. Chem., 5, 53 (1890). 

*Z. physik. Chem., 5, 133 (1890). 

*Z. physik. Chem., 6, 474 (1890). 

•Z. physik. Chem., 7, 30 (1891). 

^Proc. Roy. Soc., A 79, 12.5 (1907). 

•Proc. Roy. Soc., A 80. 460 (1908); Z. physik. Chm., 63. 041 (1908). 

•Bull. Soc. Chim., [4] 13, 784 (191.3). 

‘®.4nn. Physik, [4] 41, 854 (1913). 

"Proc. Akad. WcUn. Amst., 17, 1241 (1915); Ann. Physik, 48, 309 (1915). 

‘*Z. physik. Chem., 92, 169 (1918). 
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which an analogy to the van der Waals^ equation for gases has been sought 
that would correct for both volume and attraction /actors. These equations 
are, however, very unsatisfactory, due to the possible multiplicity of forms 
that they may take, and the difficulties in ascribing any definite meaning to the 
empirical constants which they contain and which usually vary considerably. 

O. Stern ‘ has deduced an expression based on van dor Waals’ equation in 
which he considers a solution in which there is no molecular complex formation 
as a liquid mixture of two molecular species. He therefore expresses the partial 
osmotic pressures of the constituents individually by use of a relationship 
deviating somewhat from the original equation of van der Waals and derived ^ 
from the virial theorem. By correcting for the mutual attraction between 
solute and solvent Stern finally deduces the expression 

^ ” [6i - &i2(a - x)] - —Jai - ai2(.ro - X)J 

Adverse criticism of this e(juation by van Laar’ as regards the legitimacy of 
using van der Waals’ equation as a basis for a general theory of solutions has 
been met by Jellinek,* who points out that the equation is applicable if we 
assume the additivity of the volumes of .solvent and solute and of the volume 
correction factor 6. 

Recently, Schay,® by considering the observed osmotic pressure as resulting 
not from the bombardment of the di.ssolved particles on the membrane but 
rather as representing the dilTerence iii pressures of the solvent in the pure 
condition and in the solution, has extended the equation of Stern. This 
difference in pressures of solvent and solution he visualizes as being occa.sioned 
by the fact that the collisions per given area of the membrane due to the solvent 
particles in the .solution are less freipient than those of the ])ure solvent over 
the same area, due to the relative sparsity of the former compared to the latter. 
This difference in the number of collisions on both sides of the membrane also 
accounts for the diffusion of solvent from the region of more frequent bombard- 
ment (solvent) into the solution. The final equations derived, however, despite 
their theoretical interest, offer no superiority over the simpler Sackur or Raoult 
formula) in so far as practical application is concerned. 

The above considerations have been limited to a discu.ssion of solutions in 
which di.ssociation or complex formation is absent. The application of the 
kinetic theory to electrolytes has been less extended, due to the complexity 
involved in introducing factors which should express the variation of the 
electrical effects of tlu; ions as a function of concentration. 

P. Debye,® beginning with the assumptions that: 

> Z. physik. Chem., 81 , 441 (1913). 

* Cf. Boltamniin, Gasthcoric, II, p. 139. 

* Z. phyink. Chem., 82 , 223 (1913). 

< Z. physik. Chem., 92, 169 (191S). 

* Loc. cil. 

^Rec. Irar. chim., 42 , 597 (1923). 
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(1) Strong electrolytes are completely dissociated at all concentrations, 

(2) The observed values in limiting laws (at zero concentration) may be 

attributed to mutual electric forces between the ions themselves and 
the molecules of the solvent, 

has developed a mathematical theory of (wmotic prc'-Mire based solely on 
kinetic grounds. By applying a eon>ideration of the thermodynamic potential 
to the reasoning which had previously led him to deduce a relation for the 
freezing points of solutions, Debye ' develoi)s the e.\pres>i()n 

P= v-(a), 

in which y is the number of ions int(t which each molecule dissociates, a the 
number of molecules per cubic centimeter, k the Boltzmann constant - l.iMC 
X lO"’*'’ erg, and 7’ the absolute temperature. ThixAiu’ession is seen to give the 
osmotic i)ressure in the form of the classic formula corrected by an additive 
term, due to the electrostatic forc(‘s betweem the ions, which is a function of 
concentration. This function is further developed but its lengthy mathe- 
matical treatment need not be cousiden'd here * 

Despite the plausibility and numerous applicaticuis (<f the kinetic theory 
of osmotic pressure, no generally sati''fact(uy relationship has as yet been 
derived. This failure is probably due not to any fundamental fault in the 
basic reasoning of the theory, but i'^ ratluu’ to lx* attributed to th(‘ complexity 
of the forces involved in the phenoinemm, which, in our presiuit state of know- 
ledge, do not allow e.xact formulation. 

Thk Mecmwism of O.smotk; Phhssuhi:^ 

Theories Regarding the Nature of Semi-permeability: When oiu' sub- 
stance is dissolved in another, the solvent in the .solution thus fornu'd Iuih a 
free energy value, thermodynamic potimtial, <ir activity, difTenmt from that 
of the pure solvent. It is tiic tendency towards eipialization of this difTerence 
and the attainment of an e(|uihbrium condition which mamf(*sts itself in the 
production of an osmotic pH’s-'iire wIk'U the two substance's are separated by a 
semi-j)ermeable membrane. This .statement, however, tells us nothing f)f the 
mechanical details nor docs it give* us a \i»'W of the' actual nu'chanism wlu'reliy 
this pressure is produced. 

Experimental determinations of (("inotic jiressure have always been carrieel 
out with .semi-permeable membranes. Numerous explanations have tlu'refore 
been offered regarding the mechanism of this semi-jiermeability, but they all 
suffer from the fallacy that they are ba.sed on particular cases which they may 
satisfactorily explain, but lack any gem'ral n{)plicati<ui. W c may thus mention 

' Dobye and Huokcl, Physik. Z., 24 , l.S.'j flUi-p. 

’S<*o Chapter XII. 

* For a more detailed diseushion of this subjeet, the readier is referred to tlio monottraph 
on Osmotic Pres.sure by Alexander Findlay (Ijoiiginan.s, (ireen A f o., 1919), p, 94, the 
Symposium on the same subject in the Transarlmns of the Faraday Society, vol. 1.3, p. 1.33, 
Jellinek, Physikniigchc Chemte, vol. I. 
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(1) the theory of M. Traube ^ who considered the action of the membrane 
ns being that of an atomic sieve, allowing only molecules of certain dimensions 
to pass but preventing the passage of larger particles of solute; 

(2) the theory of capillarity in which the membrane plays the part of a 
series of fine capillary tubes; * 

(3) the chemical theory where actual combination of the membrane and 
solvent take place; * 

(4) the theory of preferential solubility.^ 

It is probable that no single mechanism will explain all cases, varied mechanisms 
being possible, depending on the type of membrane used, whether colloidal, 
as Cu 2 Fe(CN) 6 , animal, as parchment, inert, as glazed porcelain plates, etc. 
In most cases it is probably a combination of causes, the resultant of which 
brings about the observed action. The nature of the mechanism of semi- 
permeability does not, however, enter into the theoretical considerations of 
osmotic pressure and, hence, is of no fundamental importance in such con- 
siderations. 

The Nature of Osmotic Pressure: Regarding the nature of osmotic 
pressure, widely divergent views have been expressed. As a result of the 
analogy which has been shown to exist between gaseous and osmotic pressures, 
the view has suggested itself that osmotic pressure is due to the bombardment 
of the membrane by the solute and hence is a force whose nature depends on 
the dissolved substances. The objection to this kinetic theory, on the grounds 
that if this were the true origin of the phenomenon we would expect a flow of 
solvent from the solution, instead of into it, is irrelevant if we regard the case 
as analogous to the experiment of Ramsay cited previously (page 245). The 
number of collisions by solvent particles on a given area of the membrane per 
unit time will be less on the side of the solution than on the solvent side, and, 
hence, there will be a flow of solvent into the solution until the number of 
these collisions on both sides of the membrane is equalized, or rather until 
the flow of solvent through the membrane is the same in both directions. 

The other prominent theory of the nature of osmotic pressure considers 
the solvent as playing the chief r61e in osmosis. This hydrostatic theory, 
as it is called, attributes osmotic pressure to the entrance of solvent into the 
solution as a result of an attraction of solvent for solute. This entrance of 
solvent into the solution has been attributed to various factors. It has been 
explained ® as due to the difference in surface tension of solvent and solution. 
Armstrong ® has developed a theory according to wliich osmotic pressure in 

‘ Traube, Archiv. fur Anat. Physiol. Med. (1867), p. 87. 

* Bigelow, J. Am. Chetn. Soc., 29, 1675 (1907). 

•Armstrong, Proc. Roy. Soc., B 81. 94 (1909); A 103, 610 (1923); Compt. rend., 177, 
257 (1923), 

• L'Hcrmite, Ann. chim. phys., (3] 43, 420 (1855). 

‘Traube, Bcr., 17, 2294 (1884); Phil. Mag., [6] 8, 704 (1904). Moore, Phil. Mag., (SJ 
38. 279 (1894). 

•Proc. Roy. Soc., A 103, 610 (1923); Compt. rend., 176, 1892 (1923). Gellet, Compt. 
rend., 177, 257 (1923). 
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aqueous solutions results from hydrodynamic conditions, that is, the osmotic 
pressure of an aqueous solution is the hydraulic pressure exercised by the extra 
molecules of hydrone attracted into it by the complexes formed by the solute 
and hydrone. Tliis theory is only a special case of the general idea that osmotic 
phenomena are due to an attraction between solute and solvent, resulting in 
the formation of definite and stable compounds such as hydrates in the case 
of aqueous solutions. This view has been championed by S. U. Pickering * 
who found that if a solution of propyl alcohol and water in a porous cup be 
surrounded by either the pure alcohol or water, there is always an osmosis 
of the pure liquid into the cup. This wodld indicate that the porous cup is 
not impermeable to any one constituent of the solution but ratlier to the hydrate 
formed in solution. 

None of the theories advanced thus far seems to be entirely satisfactory. 
A satisfactory explanation of the nature of osmosis will most probably have 
to await a more thorough knowledge of the nature of solution, the dynamical 
properties of which are still insufliciently known. 


Do.v.nan’s Mkmuiowk EgniLinniUM 


One might expect “a priori” that a substance capalile of dilTu.sing tlirough 
a membrane should distribute itself equally on both .sides of this membrane 
independently of other substances that might lx* jiresimt. J he presence, 
however, of another .substance whose? moh'cule is non*dilTusiblo and winch 
can dissociate into a difTu.dble and non-difTusible ion will cau.se an umajual 
distribution of an electrolyte towards wlic^se molecule and ions the mmnbrane 
is permeable. The theory advanced by F. 0. Donnan ^ in llllO to cover tliis 
distribution of ions has found a’far-n>aching and succe.s.sful aiiplication in the 
fields of colloidal and physiological ctiemistry where we oftmi meet the condi- 
tions bringing about this phenomenon. 

We can best develop this theory by considering a siiecific case ns has liecn 
done by Donnan in his original article.^' Let us consider a membrane (MM", 
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> Ber., 24 , 3639 (1891); Nature. 55 . 515 (1900). 

* Address to London Physiolojdcal .Society. Dec., 1910. 

•Donnan, Z. Elektrochem.. 17, 572 (1911). Lewis, System of Physical Chemistry, 
Longmans, Green & Co. (1919), vol. 2, p. 27.5. 
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Fig. 28a) impermeable both to the molecule of a salt NaR (e.g., the sodium 
salt of Congo red) and the anion R“ which it gives on dissociation, permeable 
to the cation, Na+, as well as to the molecules or ions of other salts. This 
impernieability of the membrane towards any species of dissolved substance 
may be considered merely as a result of the small diffusion velocity of the 
species in question through the membrane due to its size, which permits us to 
neglect it compared with the diffusion velocities of the other substances in 
question. The true nature of this impermeability need not be considered. 
If, now, we imagine a solution of the salt NaR to be on one side of the mem- 
brane, (1), and a solution of diffusible NaCl to be on the other, (2), the latter 
will diffuse through the membrane to side (1) until an equilibrium is reached as 
represented by the arrangement (Fig, 28&). This equilibrium is characterized 
by the condition that the maximum work obtained in an isothermal and re- 
versible transference of an infinitesimal amount of sodium ions, hn, in one 
direction is equal to that expended in a similar transportation of hn chlorine 
ions in the same direction. The algebraic sum of the total work done (i.e,, 
the decrease in free energy) must, therefore, be equal to zero. The work 
obtained in the transport of moles of Na'*' from the side (1) where its con- 
centration is [Na"^]! to side (2) where it is [Na '^32 will be equal to 

and, similarly, for the chlorine ion this work is 

But, at equilibrium, as stated above, 

iuRTln + inRTln = 0, [l] 

[Na+Ji L^l Ji 

whence we derive the relationship 

[Na+] 2 .[Cl -]2 = [Na+]i.[CI-]., [2] 

i.e., the products of the permeable anions and cations on each side of the 
membrane are equal. No consideration need be taken, in the above deriva- 
tion of the work necessary for this virtual change in the system, of any potential 
difference between [l] and [2] inasmuch as equal quantities of both positive 
and negative electricity have been transferred. The above quantities derived 
for the work terms in equation [l] assume the applicability of van't Hoff’s 
osmotic pressure hnv which assumption is valid, since we are limiting ourselves 
to a consideration of dilute solutions. 

We can derive a similar expression for the equilibrium conditions with 
respect to the undissociated NaCl by considering an infinitesimal, isothermal, 
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reversible transference of 8n moles from [2] to [l]. Assuming, here also, 
the applicability of the van’t Hoff generalization, we have 


[NaCl], 

1 1 

PO 

1 1 

[NaCI], = [NnCI]„ 

i 1 

1 1 


i.e., the concentration of the iindissociated molecules to which the membrane 
is permeable is the same on both sides of the membrane. Combination of 
equations [2] and [4] leads to the expression of the mass action law for ionized 
substances 


[Na^].[CI-] 

[NaCl] 


= Constant, 


which we know to be non-applicable, assuming the accuracy of the values for 
the degree of dissociation as derived from conductivity measurements. The 
difficulty need not disturb us, however, as it rests on an assumption which 
wo now know to be inexact. 

Returning to equation [2], it is evident that to obtain electroneutrality in 
the solution, [Na'^'Ji must equal [R“J + Jj, »nd 

hence we can write equation [2] as 

[Na^]i.[('I-]i = 

whence it follows that neither [Na''']i = [Na''‘j 2 nor does [Cl“ji = [Cl"]^, 
since [Na"^]]! which follows from the above .statement 

[Na^]. = [R-] + [Cl-].. 


To obtain a better and more quantitative statement of the above condi- 
tions let us assume 

(1) Complete dissociation of XaR and Na('l. 

(2) Equal volumes of liquid on both sides of the membrane, which we may 
reprc.sent diagrammatically in Fig. 20 thus; 
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in which the molar ionic concentrations of the various constituents are repre- 
sented by the algebraic symbols, and x represents the concentration of ]^a+ 
and Cl~ which have diffused through the membrane. 

If we now substitute these symbols for the concentrations, in the equation 


we obtain 
whence 


[Na^],.[Cl-], - [Na-^l^ == 

(ci + x)(x) = (C2 - xy, 
C2* 

X == • 

Cl + 2 c 2 


Dividing through by C 2 , we get 

X __ Cj 
Cz Cl + 2 c 2 


which relation gives us the fraction of NaCl, — , initially present in (2) that 

C2 

has diffused to (1) in terms of the initial concentrations of NaR and NaCl. 
The following table shows this variation in the distribution of NaCl as a func- 
tion of the initial concentrations. 


TABLE XII 


Distribution op NaCl at Equilibrium 


Initial 

Concentration 
of NaR in (1) 

Initial 

Concentration 
of NaCl in (2) 

Initial Ratio 
of Concentration 
of NaR to NaCl 

Percentage of 
NaCl Transferred 
from (2) to (1) 

Distribution 
Ratio of NaCl be- 
tween (2) and (1) 




X 

Cl — X 

CJ 

Cl 

Cl/Cl 

- '100 

Ci 

X 

0.01 

1 

0.01 

49.7 

1.01 

0.1 

1 

0.1 

47.6 

1.1 

1 

1 

1 

33 

2 

1 

0.1 

10 

8.3 

11 

1 

0.01 

100 

1 i 

99 


As will be seen from column (4), the amount of NaCl diffusing through the 
membrane will vary from 50 per cent of the original amount present, when ^he 
concentration of NaR is negligible, to only 1 per cent, when the concentration 
of NaCl is but 1/100 of that of the NaR. The same equilibrium conditions 
result, of course, regardless of whether we start with NaCl in (2) alone or on 
both sides of the membrane, or whether we start with both NaR and NaCl 
on one side of the membrane only. We thus see that the influence of an elec- 
trolytically dissociating substance on the permeability of a diffusible substance, 
despite the non-permeability of the molecule and one ion of. the former, is 
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very marked, and may, if present in sufficient quantity, even prevent the 
normal diffusion of the latter substance. 

As Donnan pointed out, this phenomenon must play an important r61o in 
physiological processes where the presence of the non-dialyzable anions of the 
salts of the proteins, etc., may modify the diffusibility of ordinary inorganic 
substances which normally are capable of diffusing through the cell membrane. 

Physiological investigations have led to the view that the membranes of 
many cells show a peculiar elective i)ermeability for ions which is not related 
to any colloidal character of these ions. Thu.s Hober ‘ concluded tliat the 
cells in general showed a variation in permeal)ility towards the anions and 
cations. The problem of the selective adsorption of drugs by the cells and 
the influence of electrolyte.s on this adsorj)tion i.s but one of the many practical 
applications of the Donnan Membrane luiuilibrium in the medical sciences. 

Osmotic Pressure and Membrane Equilibrium: As a result of the unequal 
distribution of XaCl on the two sides of the membrane considered above, the 
observed value of the osmotic pressure of NaR is not the true pressure, since 
the latter is opposed by the pressure exerted by the excess NaCl on the other 
side of the membrane. Assuming comi)lete dksociation and eq\ial volumes of 
solution on both sides of the membrane and letting Ci be the concentration of 
NaR, Pa, the true osmotic pressure of the NaR, will be given by the equation 

Po = 2c^RT, 

since the total concentration of ions from Ci moles of NaR is 2ci, each molecule 
of NaR dissociating into Na+ and R-. If P is the counter pressure due to 
the unequal distribution of NaCl, 

P = 2(c2 - X - x)RT, 

since the concentration of ions from the NaCl in (2) is 2 (c 2 ~ x) and in (1) is 
2x, and hence the excess concentration in (2) is 2 (c 2 - x - x). 

' The observed osmotic pressure 

= />„ _ P 2RTlc^ - (C2 - 2x)l 

whence 

P, ^ Cl - ( (‘2 jf) . 

P c, 


Cl + 2 c2 

which, when substituted in the above equation, gives 

Pi ^ C| + C2 ^ 

Pq Cl -f 2ci 

1 Hober. Physikalische Chemie der Zolle und Gewelie. Leipzig. 1922. 
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The numerical relationships between the observed osmotic pressures and 
those exerted in the absence of an electrolyte, as derived from the last equation, 
are given below (Table XIII). 

TABLE XIII 
Osmotic Pressure Ratios 


Cl 

Pi 

Cl 

Pi 

a 

Po 

Cl 

Po 

0.1 

0.92 

2 

0.60 

1 

0.67 

10 

0.52 


The observed osmotic pressure of an electrolytically dissociated non- 
dialyzing substance is thus lowered by the addition of an electrolyte with a 
common ion, as has been experimentally verified.^ 

Effect of an Electrolyte without Common Ion: The above-described effect 
in the case of NaCl and NaR is not limited to such cases where we have an 
ion in common between the electrolyte and non-dialyzing substance, but may 
be extended by a similar treatment to cases such as NaR and KCl where no 
such common ion is present. 

Beginning with initial concentrations as represented in Fig. 30, the ions of 
KCl will diffuse from (2) to (1) and the ions of NaCl thus produced in (1) will 
then diffuse from (1) to (2), to bring about the equilibrium state represented 
also in Fig. 30. The algebraic subscripts denote ionic concentrations. To 
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Fuj. 30 


satisfy the conditions necessary for electric neutrality, z mu.st be equal to 
X — y, i.e., 2 , the number of moles of Na"^ transferred from (2) to (1), must equal 
the algebraic sum of x, the number of moles of K+ transferred from (2) to (1) 
minus y, the number of moles of (Cl“) transferred from (2) to (1). 

By a consideration of the work done in small virtual isothermal and re- 
versible changes in the .system, we obtain three pairs of variations: 

. f mol. Na+ (1) -> (2), 

Unmol. K+ (2)->(l), 

> Donnnn and Harris, J. Chan. S<h-., 99, 1554 (1911). Donnnn and Alltnand, ihid., 105, 
194 (1914). Donnan and Garner, ibid., 115, 1313 (1919). Biltz, Z. physik. Chem., 83, 
025 (1013). 
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[Na+], [K+], 

and 

[^]. ^ [K^2> 

[Na-], [K^]/ 

2 I 2n mol. Xa+ (1) -> (2), 

1 (5« niol. Cl" (l)->(2), 

[Xa^^CCl-]^ 

[Na+]2 [Cl-], 

3 ^ I Sn mol. K+ (1) (2), 

1 6« mol. Cl" (l)->(2), 

[K^^rci-]... 

[K^]. [(n-].’ 

Combining these three results and substituting values of the concentrations, 
we get 

[ Na'*'] , _ [K"^], _ [Clj']2 __ Cl d* C2 _ 

[Xaa"[K^]2’[cF].~ 

which relation gives us the ratio of the concentrations of any of the dialyzable 
ions on the two sides of the membrane. 

To illustrate this distribution, let us consider the case in wliich - = 100 

and therefore r = 101. The changes taking ])laco will be: 

1. A diffusion of 99 per cent of the K+ initially present in (2) to (1). 

2. A diffusion of only 1 per cent of the Cl" initially present in (2) to (1). 

3. A diffusion of 1 per cent of the NiU initially in (1) to (2). 

The presence of the XaR has markedly affected the normal distribution of K(fl 
on the two sides of the membrane, having produced a preferential effect wduTcby 
practically all the cations of the diffusible electrolyte have been attracted 
through the membrane and hence show an e.xtraordinary permeability, while 
the anions on the other hand are expelled. 

Hydrolytic Decomposition by Membranes; If we consider tlie effect of 
having an aqueous .soluti(m of Xall on one .side of the membrane and pure 
W'ater on the other, we fiinl that the XaR will be hydrolyzed. The Na^ will 
pass through the membrane since the latter is permeable to it, and in order to 
maintain electric neutrality, an equivalent amount of (OH") from the hydrolytic 
dissociation of w’ater will diffuse in the same direction, so that the initial and 
final conditions are represented by Fig. 31. In other words, .side (1) will be- 
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come acid while side (2) will become alkaline, the salt NaR having been hy- 
drolyzed in the process. By following the same considerations as were em- 
ployed in the development of the previously discussed processes, the extent 
of this hydrolysis can be expressed by the relation 

X - ^KvCi, 

where x is the concentration of the Na'^ that diffuses through the membrane, 
K„ the ionization constant of water, and ci the original concentration of NaR. 
This equation is derived on the assumption that (1) and (2) occupy equal 
volumes. If, however, the volume of (2) is v times as great as that of (1), 
we obtain the corresponding equation 

X — '^Kwvhi, 

Despite the small extent of this hydrolysis, it must take place wherever 
we have a membrane on one side of which is an electrolyte only one of whose 
dissociation products can diffuse through the membrane into the water on 
the other side as, e.g., a solution of K 4 Fe(CN )6 with a Cu 2 Fe(CN )8 membrane. 
Not only will this hydrolysis affect the observed osmotic pressures of elec- 
trolytic colloids but this process also explains the observed removal by dialysis 
of only one of the ions of an electrolyte adsorbed by a gel. In this case the 
gel acts as a membrane and if it is permeable to only one of the ions of the 
electrolyte, this one will pass through and, by continued dialysis, be entirely 
removed, leaving the other in the form of an acid or base, depending on whether 
it was the anion or the cation of the electrolyte originally present. 

Donnan’s theory of membrane equilibrium has also been widely and success- 
fully applied in consideration of the membrane potential difference existing 
when equilibrium, as brought about by the membrane, has been attained.* 
Inasmuch, however, as this pha.se of the subject belongs to a consideration of 
colloids rather than of the laws of dilute solutions, it will not be considered 
further here. 

' See, for example, Loeb, Proteins and the Theory of Colloidal Behaviour, McGraw- 
Hill Co., 1921. 



CHAPTER VIII 


HOMOGENEOUS EQUILIBRIA 

BY GRAHAM EDGAR. Pu.D., 
Professor of Chemistry, Vniceisity of Virginia 


Our knowledge of equilibrium and of the “Law of Mass Action” has its 
beginnings very early in the history of the science, originating in speculations 
of early investigators as to the cause of chemical action. In the “Tables of 
Affinity” of Bergmann * we find no conception of equilibrium save tliat of the 
reversibility of reactions under different i)hysical conditions, as shown i)y the 
somewhat different order of the “Affinities” of the elements “in fire” and 
“in water.” Wenzel* suggested shortly afterward.s that quantity or con- 
centration as well as chemical nature affected the rate of chemical action, but 
this suggestion, which might have had important results, was ai)parently un- 
noticed until long afterwards. 

The next important step in the development of the subject came in 171)9, 
when Berthollet * read certain papers on chemical affinity in which he suggested 
that large quantity of a material might overcome a weak affinity, and pointed 
out that the sodium carbonate deposits of Kgypt might have been formed from 
calcium carbonate and salt, the great masses of the latter serving to reverse 
the usual reaction. This is certainly very nearly a “mass law,” but un- 
fortunately Berthollet himself confused the situation by maintaining that mass 
could affect not only the direction of a reaction but also the ratio in which the 
substances combine. This brought him into immediate conflict with the law 
of definite proportions, ju.st then being placed on a firm experimental basis, 
and in the en.suing controversy Berthollet’s conclusions were discredited. 

The next advances began to appear, as has been true so freciuently in all 
science, when quantitative experimental investigations began to supplement 
hypothetical assertions. The inve.stigation.s of Rose ^ suggested the importance 
of quantitv in affecting chemical action: Wilhelmy ‘ made the first quanti- 
tative stuciv of the rate of a chemical reaction; Malaguti « showed that many 
reactions are reversible, and others added individual facts upon which a theory 
could be built. 

IT. Bergmann, De Attractionibus Electtior’a, Uimla (1775). 

*C. F. Wenzel. Lehre von der Verwandsehaft. Dresden, 28 (1777). 

*C. L. Berthollet. Memoirs Nalwnal Institute, 3 (1790). 

« Pogg. Ann., 55 . 417 (1842); 82 , .545 (1851); 94 . 481 (1885). 

* Pogg. Ann., 81 , 41.3, 499 (1850). 

•Ann. Chim. Phys., (3) 37, 198 (18.53). 
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Finally Berthelot and St. Gilles' carried out an extensive investigation 
of the equilibrium between acetic acid, ethyl alcohol, ethyl acetate, and water, 
and showed that their data could be represented mathematically by the 
identical expression which the present “Mass law” would give for this reaction. 

It remained, however, for Guldberg and Waage ^ to enunciate the gener- 
alization which expresses essentially what is commonly called the “law of 
mass action” of to-day, and to point out clearly the general reversibility of 
chemical reactions, and the conditions which exist at equilibrium. Guldberg 
and Waage stated e.ssentially that the rate at which a substance reacts is 
proportional to its “active mass,” and that the rate of a chemical reaction is 
proportional to the product of the active ma.s.ses of the substances reacting; 
thus, if we consider the reaction, 


A-hB=C + D, (1) 

the rate of the reaction at any given time, from left to right, is given by the 
expression 

V, = A', XAa XAn, (2) 

where Aa, etc., represent the active masses of A and B present at that time. 

If the reaction is reversible, the rate of the opposing reaction is then 


V. = K, X ic X (3) 

If both reactions occur simultaneously, a condition will eventually be reached 
in which Fj = V 2 , when, from equations (2) and (3), we have 


~ = }( = ^^ 0 X Ap ^ 
Ki ~ ~ A~7)^b * 


(4) 


Equilibrium is thus considered as a dynamic condition, in which two opposing 
reactions occur at equal rates, and the “equilibrium constant,” K, is simply 
the ratio of the two separate velocity proportionality constants. 

Guldberg and Waage recognized the difficulty introduced by the use of 
the term “active mass,” and pointed out that apparently “molecular con- 
centration” could be substituted therefor in the case of dissolved or gaseous 
substances, and that the active mass of a solid may be considered as constant. 


Tiifj Condition of EquiLiimiuM in a Chemical Reaction 

The Reversibility of Chemical Reactions; Since the time of Guldberg and 
Waage, numerous experimental investigations have demonstrated the reversi- 
bility of particular chemical reactions, and have determined the condition of 
equilibrium for them under different conditions of temperature and pressure. 
Furthermore, the application of the principles of thermodynamics to the energy 
changes accompanying chemical reactions has led to very noteworthy ad- 

Mnn. Chim. Phys., (a) 65. 385 (1862); 66. 5 (1862); 68, 225 (186.3). 

* Forhandtinger i V uknskahs-Sclakabct i Christiania, 35, 92, 111 (1864). Etudes sur Us 
affinites chemiques, (''hriatianja, 1867. 
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vances in our knowledge of the relations existing at eQui/ihriun), and many 
technical chemical processes of the greatest inip(»rtance owe (heir existence to 
these advances in theory. Nevertheless, there has e.xisted in (he literature 
frequent confusion concerning the fundamental theories underlying the subject. 
Simplifying assumptions have l)een made when they could not be expected to 
be valid; and “laws” containing these a.ssumptions have been widely used, 
sometimes without apparent realization of the nature of the a.ssiimiitions in- 
volved. The failure of experimental data to conform to these simplified 
principles has then in many eases led to an unjustified lack of confidence in 
the fundamental theories involved. Instead, therefore, of considering the 
subject historically since the time of CJuhlberg and Waage, it .seems preft'rable 
to treat in this section the subject of chemical (*(|uilibriuni from a l)road gein'nd 
viewpoint, and to illustrate its actual application to particular csises in a later 
.section. In this treatment we shall sj)eak continually of “reversible” reac- 
tions. In the older literature this term is freciuently u.sed uith reference only 
to reactions which may have been (‘xperinn'iitally carried out in o[)posite 
directions. Whereas this use of the term may si'rve as a convenient method 
of di.stinguishing such reactions fnun those which go to appanmt conqdetioii 
in one direction, there is no naison to bidieve that any reaction is not reversibh', 
at least for the purpose of theoretical considerations, 1 h(‘ fact that an (‘(pii- 
librium may lie .so far on the .side of complete naiction in (HH' din'ction as to 
fail of experimental rneasunuiuMit, or tin' fact that the ra/c of clu'mical reaction 
in a given case may be so slow as to pn'vent the estalilishnient of (’qiiilibriuni 
under the conditions investigated, neial not pir\ent us from considering the 
condition which must prevail at eciuilibrium in these same naictions. Wi' 
shall, therefore, con.sider every reaction as reversible, and as ))roceeding eventu- 
ally to a state of equilibrium, which will be d(‘terninied by (lie tempi'rature, 
the pressure (and perhaps other (‘iiergy factors), and tin* proportions of the 
reacting substances. 

Chemical Equilibrium from the Standpoint of Kinetics: As indicated in the 
introductory paragraphs, the “Ma.ss law ” as derived by (luldlierg and Waage 
was based e.sscntially upon consideration of (he kinetics of clHunical reactions. 
It may be noted that for a reaction befwemi dilute ga,s(‘s a statement similar 
to the equation (4) may be derived from th.a.retical considerations, based 
upon the kinetics of moving particles and simple assumptions concerning the 
relation between the collisions of the reacting species and their combination. 

Let us con.sidcr the reaction 

A + B-= C -f I), 

where A. B, C, and D are dilute gase.. Let u.-. then asMime that tlie number of 
reactions per unit of time hetueen .1 ami B is proportional to the nundmr of 
collisions of molecules <A A and B in the same time interval. The numtrer of 
collisions is obviously proportional to the product of the number of molecules 
of .1 and the number of molecules of B pre.sent in unit volume, or to the product 
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of their partial pressures; thus Ne — K X Pa X Pb> Since the rate of the 
reaction between A and B is assumed to be proportional to Nc, we have 

KiX Pa X Pb, 

where Fj is the rate of reaction at a given time, and Pa and Pb the partial 
pressures of A and B at that time. 

Similarly, 

V 2 — Ki X Pc X Pd‘ 


At equilibrium Fi = Fj, hence 


El = K — ^ • 

H 2 Pa X Pb 


( 6 ) 


If the partial pressures are taken as the “active mass” which is in accordance 
with the assumptions of Guldberg and Waage, equation (6) is identical with 
equation (4). 

bet us consider the general reaction 

aA -f- bB -{-•••= cC “b dD • * • . 


Since the number of collisions of a molecules of A and b molecules of B per unit 
of time is given hy Ne = K X Pa'' X Pa^, we arrive, by reasoning similar to 
that just given, at the expression 


El — v — X Pp'^ • • • 
^ ~ ~ Pa" XPb^-‘‘ 


( 7 ) 


This equation will be later derived for reactions between dilute gases, from 
thermodynamic considerations. 

The equilibrium constant may thus be regarded, in accortlance with the 
views of Guldberg and Waage, as the ratio between the two velocity constants. 
Obviously, it should then be calculable from measurements of the two separate 
reactions. This has, however, seldom been done, as the direct determination 
of the equilibrium constant is usually more readily accomplished than the 
measurement of the velocity constants. The relation expressed in equation 
(7) has been used, however, to determine the velocity constant of a reaction 
from measurement of the equilibrium constant, and the velocity of the reverse 
reaction.^ 

Since the equilibrium constant is, as shown above, determined by the nature 
of the reaction as expressed in the equation, while the velocity of the reaction 
frequently follows a quite obscure course, it seems better on the whole to con- 
sider the equilibrium conditions from the thermodynamic view rather than 
from the kinetic view. 

Chemical Equilibrium from the Standpoint of Thermodynamics : The laws 
of thermodynamics give many relations between the energy changes occurring 

• For an example of this compare Bodenstein, Z. phyaik. Chem,, 100, 68 (1922). 
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in "reversible processes or, in other words, processes conducted in such a wav 
that the system is maintained throughout in a state essentiallv that of equi- 
librium; or, in such a way that the direction of the clmngc can ‘bo reversed by 
the expenditure of an infinitesimal quantity of energ\’. If we grant tliat 
chemical reactions are reversible, and that a condition of equiliiiriuin may 
exist between the reacting constituents, it is clear that ive may ap/dv to sucii 
reactions the laws relating to reversible processes, provided always that we 
may conceive of a mechanism by whicli the change can be carried' out under 
proper conditions of equilibrium. Since the energy changes accompanying a 
reversible process are determined in general by the initial and hnal states of 
the system, the deductions of thermodynamics have the advantage that they 
are independent of the mechaiiLsm by which the change is brouglit ahout. 
This, of course, involves the drawback that proof of the mechanism of the 
change cannot be derived from the final results by thermodynamic reasoning. 
In applying the principles of thermodynamics to a chemical reaction, therefore, 
we are concerned with the relations which exist between tlie proportions of 
the reacting substances at the equilibrium eonditiou, and not with the mechanism 
by which the condition of equilibrium was attained. 

In order to measure the maximum work and the free energy di'cnaise ac- 
companying chemical reactions we shall fre()Uontly wish to carry out a process 
involving the transfer of a gas from one pressure to anotluT, or of a solute 
from one concentration to another, the proce.ss being conducted rc'versibly 
throughout. 


If we con.'^idor a mol. of gas at prosMiro l\, tl»« rn.aximuin work ,l whii'lj the gas caa 
do in changing to pressure /b is gixoii hy the e<juation 


Remembering that 


we may write equation (S) 



fxdy + /l/dj- = sy, 

rpt 

A = PA\ - /',r, - I Vdp. 


(«) 


( 0 ) 


Now the free energy increase AF aecomiainjing a given change is roluled to tlic maximum 
work by the equation 

~AF-=A-:^PAV, ( 10 ) 


where IPAV is the net increase in the pressure-volume product which accompanies the 
change in question. 

Combining equations (9) and (10), we obtain 

I VdP. (11) 

If the gas is a perfect gas, we have PV = RT, and RjVi = PiVi, so that 


^ « - JkF = RTln^ - Rf/n — . 
‘ Ti P% 


( 12 ) 
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A and — Af’ arc, thus, in this case identical; they are also identical for any change in which 
the volume is constant ; and they are frequently very nearly equal numerically. Nevertheless 
it is AF and not A that is the thermodynamic quantity of greatest importance in considering 
the condition of cqiuli})rium, for the essential condition of a system in equilibrium is that 
AF “ 0 (see Chapter II). 

If chemical reaction were in general carried out at constant volume, it would 
be evidtmtly immaterial whether we calculate A or AF, as the two are then 
equal, but it is nearly always the pre.ssure that is maintained constant and not 
the volume, so that A and AF are apt to differ numerically. We shall, there- 
fore, consider only the free energy increase accompanying given changes in 
state and not the maximum work. 

If we wish to consider the free energy increase accompanying the transfer 
of a solute from one concentration to another, the calculation may be made as 
follows: If the solute obeys Henry’s law, that is, if its partial pressure above 
the liquid is proportional to its mol. fraction, we may transfer it from one con- 
centration to another by a three step process. 

1. The first step will l)e to vaporize one mol. of it from a very large quantity 
of the solution of mol. fraction X\ at its partial pressure Pi (= KX\). Since 
the system is in eciuilibrium during this process, APi = 0. 

2. We may then change the pressure reversibly from Pi to P 2 (= KX^). 
The free energy increase for this step is (equation 11) 

AP2= prdP. (13) 

Jpi 

3. We may then introduce the vapor into a large quantity of the solution 
whose mol. fraction is Xo, and since this also involves a system in equilibrium, 
AP, = 0, 

The entire free energy increase is then given by AP 2 , nnd if the vapor obeys 
the gas laws, we have 

AF= RT In RT In — • (14) 

Pi Xi 

Similarly, if the solution obeys Henry’s law, and is also so dilute that the 
mol. fraction is proportional to its molecular concentration, or to its molality 
(concentration in rnols. per 1000 grams of solvent), we may write, for a change 
from Cl to Pi or from Mi to Mi, 

AF = RT In - ; AF = RT In ^ ■ (15) 

Cl Mi 

The relations which must exist at equilibrium in a chemical reaction may 
now be simply derived for cases in which the laws of perfect gases or of perfect 
solutions are valid. 

Derivation of the Mass Law for a Gaseous System: Let us consider the 
following reaction between the substances A, B, C, and D, etc., according to 
the equation 

aA + bB " • — cC A- dD • ‘ . 
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Let us take two different equilibrium systems I ami II, at the same temper- 
ature, produced by allowing two different mixtures of the reacting substances 
to come to equilibrium, and let these two systems be so large that removal of 
small quantities of the reacting species does not alter their composition ap- 
preciably. Furthermore, let us suppose the two systems to be contained in 
vessels provided with membranes permeable only to .1, B, C, and /), respec- 
tively, leading to cylinders provided with pistons, by means of which any given 
component of the mixture may be withdrawn or aiided to either system. 

Step (1). Let us withdraw from re^ervoir (1) a mols. of .1 nnd h mols. of B 
at the partial pressures P,, and at which they are present in the eipii- 
librium system (I). The free energy increa.se for this stej) is evidfuitly zero, 
-since the condition of ecpiilibrium is not measurably disturbed. 

Step (2). Let us change, reversibly, the pre.ssures of the two gasc's to 
P2.1 whicli they exist in the .second eiiuilibrium systcnn. Tlie free 

energy increase for this step is evidently, sinc(‘ the gas laws arc obeyed, 

P> P> 

AFi = aRTbi *•' + bBTln • (ID) 

^ '.1 

Step (3). A\e may now’ introduce the gase.s into the e(|uilil)rium systi'in 11, 
and since this does not measurably disturb th(‘ e(iuilibriuni, we have again 
zero free energy increase. 

Steps (4), ( 0 ), and (6). L et Us carry out a similar seri('s of stf'ps by which 
we remove c mols. of C and d mols. of J) from .system 11, change their partial 
pressures from P^^ and P..^ to P,^. and and intro<iuc(‘ tlunn into systfun L 
The total free energy increase is then, as abo\(*, 

]) p 

= dlTIn ''' + ,lliThi • ( 17 ) 

Steps 1, 2 and 3, and 4, .5, and 0 an* suppo.sed to be carried out at corre- 
sponding times, and .so slowly that the .1 and B removed from system I react 
in system II to replace the P and I) whicli have been removed therefrom, which 
in turn react in system I to form .1 and B. If this has been th(* case, the entire 
composition of each system is just what it was at the beginning of the jirocess, 
and as each step has been carried out i'^othermally and reviTsibly, the total 
free energy increase must be zero (Chapter II). 

Therefore, 

AP, -f ^P2 = 0, 

and, from equations (16) and (17), 

P-* P: Pi P 

aRTln — + bRTln -f* cRTln ~ + dRTln — = 0. 

^‘D 


( 18 ) 
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Or, rearranging, 


Pic 

•xHb- 

PlcXPlD--- 

— PTln ^ " 

PiA 

xHb-- 

iir 1 Irll • 

PIaXPIs--- 

Pic 

xnv- 

■ PieXPio--- 

PiA 

xps;-- 

■ P"iaXP\b- 


= (21) 

Pa-XPb"--- 

Equation (21) is identical, for a dilute gaseous system, with the mass law 
of Guldberg and Waage, and with that obtained previously (equation 7) 
from kinetic considerations.' 

Equation (21) was derived for a dilute gaseous system. If, however, we 
consider the reaction as occurring between substances in solution, we may 
readily derive a similar equation for any substance in solution whose vapor 
obeys Henry’s law and the simple gas law. The procedure is identical with 
that employed in deriving equation (21) except that the two equilibrium 
systems are liquid, and the transfer of each solute from one concentration to 
the other is done by first vaporizing it from the solution. The free energy 
change for each mol. transferred is given by equation (14), and the final result 
is that 

„ Xc^XAV--* ( 00 ^ 

Similarly, if the solution is quite dilute, we may write (compare equation 15) 

K = . (23) 

X • • 


Equations (22) and (23) may also be derived by consideration of the osmotic 
work involved in the transfer of material from one concentration to another, 
making use of the relation that Po = CRT, where C is the molecular con- 
centration. 

Equations (21), (22) and (23) constitute the mass laws ordinarily employed. 
They express the relations which may be expected to exist at equilibrium at' 
any given temperature, provided the reacting substances are gases sufficiently 
dilute to obey the gas laws, or ideal or sufficiently dilute solutions. Now the 
gas laws are actually approximately valid for a large number of gases under 
conditions in which they are apt to occur in chemical reactions, but the ideal 

* Note; In writing mass law expressions, it has become an established convention to write 
in the numerator the partial pressures, concentrations, etc., of the .substances appearing on 
the right hand side of the chemical equation. In order to avoid confusion, this procedure 
should be rigidly followed. 
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solution laws are valid for only a very small fraction of the solutions which are 
apt to be employed. If the simple laws are not assumed, it would be necessary 
to know the ‘‘equation of state’’ of each reacting substance in order to derive 
a statement of the concentrations which might be expected to prevail under 
different conditions of equilibrium. The derivation of a .‘iiniple mass law in 
terms of partial pressures, concentrations, etc., in the case of a general reaction 
between gases, liquids and solids, and assuming no equations of state, cannot 
be accomplished. For many purposes it is convenient to consider the question 
of equilibrium in chemical reactions from the standpoint of the aclivitics^ of 
the reacting species. 

The activity is defined essentially by the equation 

Fa - RTbwA + Ca, (24) 

where Fa is the molal free energy of the substance A iiiuler given conditions, 
ttA is its activity, and Ca is a constant which may be arbitrarily defined. (In 
Lewis and Randall, Ca is called Fo, “the molal free energy in the standard 
state,” the “standard state” of a substance being selected arbitrarily for 
different types of reaction.) A full di.vcussion of this useful function will not 
be given here, but it may be pointed out, in order to illustrate tlie general 
nature of the “activity,” that tlio activity of a perfect gas is e(iual to its pres- 
sure, and for any actual gas the activity approaches the i)ressurc as the gas 
becomes dilute; the activity of a .solute is e(pial to it.s mol. fraction when Uie 
solution is sufficiently dilute. In the case of a<iueou.s .solutions the activity 
is frequently defined to approach the molality instead of the mol. fraction when 
the solution becomes dilute. If it is deMred t(. visualize the term, it may per- 
haps be thought of as the “apparent concentration” or “effi'ctive conciuitra- 
tion” which may not be identical with the actual concentration. 

The increase in free energy when a .substance changes from one set of condi- 
tions to another is given from ecpiation (21) by the equation 

AFa-RTIu^, (25) 


where ai and repre.sent the aclivi(i.‘s in the initial and final sta es respec- 
tivelv and AF, represents the increase in free energy accompanying the change. 

Derivation of the Mass Law in Terms of Activities: Let us consider again 
the general reaction 

„A+bB--- =cC + dl)---, (26) 


where I B C and D may be either gases, dissolved substances, liquids or 
solids. ' The’ essential criterion that a condition of equilibrium exists in any 
process at constant temperature is that the free energy increase for the process 
shall be zero. For the reaction (20), at the condition of equilibrium, the sum 
. See Chapter XII. and Lewie and Randall. Thermod, namio» and Ohemielry (McfJraw- 


HUl Co.. 1923). 
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of the molal free energies of A and B must be equal to the sum of the molal 
free energies of C and Z); that. is, 

aFA + bEB-- = cFc + dfo---. (27) 

Combining equations (24) and (27), we have, if we consider the activities of 
the reacting substances in the equilibrium mixture, 

aRTlnoA + (iCa + hRTlnan + hCu • • • 

= cRTlnac + cCc + dRTlnao + dCo • • • ^ ^ 

or 

oCa + hCs - cCc - dCjj = RTln • (29) 

ClA X • • 


Since the quantities on the left hand side of the equation are constants, fixed 
by the definition of the standard state, we may for any given temperature 
write equation (29) 


_ uc® X 

“"aa- X a/A-- ’ 


(30) 


where Ka may be called the equilibrium constant in terms of the activities of 
the reacting constituents. This equation has been derived without any 
simplifying assumptions and may be regarded as perfectly general for any 
chemical reaction wliatever. 

It will be noted that equation (30) is quite similar to that originally proposed 
by Ouldberg and Waage (4) except that the (luitc indefinite term “active 
mass” is replaced by the thermodynamically defined term “activity.” In 
order to express equation (30) in terms of some experimentally measurable 
composition term, we must find a relation between the activity of each con- 
stituent and its partial pressure, mol. fraction, concentration, etc. 

Fortunately, in many cases, relationships exist which enable us to derive 
approximate “mass laws” for practical application. Thus, for dilute gaseous 
systems, wo liave the activity approximately equal to the pressure, and by 
substituting in equation (30) P — «, we obtain 


. _Pc^XPd^-- 
Pa^XPb’^—^ 


(31) 


which is evidently identical with equation (21) previously derived for gaseous 
systems. Since partial pressure (partial pre.ssures should always be expressed 
in atmospheres), is defined by the relation Pa — XaP, where .Y represents mol. 
fraction and P total pressure, we may also write 


Kp 


AV X Ab' 


^ p(,e-\-d—a~b ) ... 


or, at any given pressure, 


X X d'‘ 
Xa-XXb'” 


(32) 


( 33 ) 
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Kx= (^4) 

Since for dilute gases we also have the rol:ifioih}ii[) PV - XRT, niul 
A - C, the concentration in inols. per liter, eipiatiuu (itO) may he wriUeu 

whence 

, _Gr'^X (V- • • , 3 ,. 

■ (V X (V--* ’ 

where , 

K, = A'p X (3( 

Combining equations (34) and (3C), we obtain 


/ftrV” 

Kc = Ax' [ p ) 


The numerical relation.-hips lietween llie Ibree conxtauN are gUen by 
equations (34), (30) and (37). from wl.ich it is clear that wlum 0 + /> <■ + ' 

Ae three constants are numerically equal. The select, on ot a ,, articular 
equation in any given case depen, Is fr,'.|Uently upm, conreniem-e m consul, Ting 

**'ht'lduiri,rbrnot'ed that A„ an, I A, are of llm |,r,'ssure, within 

the limits in which the gas laws ar,' olu'yed. .\t high pressures none ,.f th,' 
eciuations iniiy be expected to be exactly valid 

In applying equation (30) to eipiilibriuni in lu.niogi'iu'ous liipii. sys Umis, 

we fm,l in general imieli greater lenity 111 irlatiiig the ae ivit of tli, , 11 - 

«s of an equilibrium mixture to their than is true 111 the 

'“'in^thrcase of a "piTfi'ct solution, ” we may plate the activity at atmos- 
pheric pressure to the mol. fra, 'lion, ami oblain an uh-nlical with 

equation (d2), or 

_ X AV--* . (;iS) 

AVX.W"' 

Remembering that the mis. p..r IiI.t is relalcl to the mol. 

fraction by the equation 

C-.VX-h (•*») 

where T is the total volume ami .V the total number of mols. 
different, or solvent, mols.) containcl theri'iii, we may write equation (38) 

_(y X (40) 

fa" X (’»*•" ^Vf/ 
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If the number of indifferent mols., say of solvent, becomes quite large in 
comparison with the number of mols. of reacting constituents, neither V nor N 
will change greatly with changes in the concentrations of the reacting species 
and we may write, for a dilute solution. 


Cc^ X Cd±^ 
Ca^ X * • ’ 


(41) 


In aqueous solution, many data are at present available in the form of 
molalities, or mols. per 1000 grams of water. The molality is related to the 
concentration by the equation 

M=C-r’ (42) 

k 


where k is the number of kilograms of water contained in V liters of solution. 
Obviously, in dilute solutions, Vjk approaches unity. 

If we substitute molalities for concentrations in equation (41), we obtain 


or 


Mc‘ X Mi/- • » / V 


(43) 


Me* X Md^-- ^ 
Ma^ X ' * 


(44) 


Equations (38), (41) and (44) are most frequently employed in the treatment 
of equilibrium in homogeneous liquid media. 

The numerical relations existing between the constants Kx, Kc, and Km, 
for equilibria in liquid media, are evidently 

( M \ (.c-i-d-a-b) 

jj » (45) 

( y \ (c+d-a-b) 

f) • 

When a -f 5 = c + d, the three constants are numerically identical, while Ke 
and Km are very nearly identical for any dilute solution. 

It is difficult to predict the extent to which equations (38), (41) and (44) 
may be expected to be valid in any given case. Many organic substances, 
particularly those similar in chemical constitution, generally approximate to 
the behavior of “perfect solutions” over a wide range of concentrations. On 
the other hand, solutions of highly ionized substances are so far from “perfect” 
that their behavior deserves special treatment (Chapter^ XI and XII). In 
general, the more nearly alike in composition substances entering into reaction 
may be, and the more dilute the solution in which they react, the more nearly 
the mol. fraction or molality is apt to measure the activity, and the more nearly 
the equilibrium laws of solutions are apt to be valid. The subject will be 
treated further in a later section. 
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We have gone into the various equilibrium constants in considerable detail, 
because considerable confusfon sometimes results from the use of different 
‘‘mass laws” without an understanding of the assumptions underlying their 
derivation, and of their relations to each other. All of the e(juations evidently 
express relations which represent a limiting condition wliich may be approxi- 
mated under actual conditions. 

In pages 290 to 302 wc have derived a series of mass laws identical with those 
derived directly in pages 292 to 294, and actually involving identical assump- 
tions concerning the behavior of the reacting constituents. The difference 
has been only one of method. Ihiuations (33), (3.')), (37), (3S), (41) and (44) 
were derived from the “universally valid" ecpiation (30) by means of essentially 
the same simplifying a.ssumptions that w(‘re employed in the i)receding 
section. 

It ma}' be objected that when we .''peak of e(|uatiori (30) as “universally 
valid” we are reasoning in a circle, as it is valid only because of the definition 
of the term “activity,” and that .since no simple general relation e.xists between 
the activity of a substance and its pressure (»r concentration, the equation has 
no real significance. In a sen.se thi.^ is certainly correct; nevertheless, there 
are important advantages in the use of the “activity” in the treatment of 
equilibrium. 

If we do not utilize some such function, we caji only (lerive various “mass 
laws” valid for limiting conditions, and in any .actual case outside of these 
conditions we can only say that “the mass law does not liold.” The use of an 
equation which is universally vali<l accomi)lish(‘s .several purpo.ses. In the 
first place it emphasizes the limitations that are actually involved in all of the 
simpler mass laws, and these limitati«»ns are fre(iuently overlooked; it furnishes 
a convenient basis for the investigation of e(|uilibrium in case.s in which tlic 
.simple mass law’.s do not ai)ply (particularly in sucli ca.ses as involve highly 
ionized substances); and, in mathematical treatment involving the combination 
of different reactions, it furnishes an (‘xpn'ssion which may be combined with 
other similar expressions without involving assumptions which might be t'asily 
overlooked and w'hich might coinplicati' the mathematical treatment. Further- 
more, the use of equation (30) emphasize*! tin* thermodynamic view Unit the 
condition of eiiuilibrium is defined by the statement that the free energy in- 
crease at equilibrium must be equal to zero, and that any mas.s law is directly 
or indirectly an expression of this fact. 

We shall therefore regard equation (30) as “the mass law,” although we 
actually employ in most cases the simple equations derived therefrom. 

The Increase in Free Energy ArcoMPANYiNG a ChiEMicAL Reaction 

The increase in free energy accompanying a chemical reaction is an im- 
portant thermodynamic function, which will be emplo^'ed in later sections of 
this chapter in the derivations of relations expre.s.sing the variation of the 
equilibrium constant with the temperature and pres.sure. In order to calculate 
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the increase in free energy for any given chemical reaction, we must devise a 
mechanism by which, theoretically at least, the reaction can be caused to occur 
isothermally and reversibly. 

The Free Energy Increase in a Reaction between Dilute Gases: Let us 

consider the reaction 

aAA-hB--^ = cC + dZ)---, 


in which the reacting substances are dilute gases. Let the initial partial 
pressures of A and li be represented by Pa and Pn, and the final partial pres- 
sures of C and D by Pc and Pd. 

We wish to carry out the reaction in a series of isothermal reversible steps. 
Let us imagine that a rnols. of the substance A and b mols. of B, at partial 
pressures Pa and respectively, are contained in separate cylinders fitted 
with frictionless pistons, and provided with membranes, which can be opened 
when desired, permeable only to A and B, respectively. 

Let us also imagine an indefin- 
itely large reservoir containing A, B, 
C, and D in the proportions in which 
they exist in chemical equilibrium, 
their partial pressures being Pa, 
Pn, Pc, and Pu, respectively. 
The .semi-permeable membranes of 
the cylinders of A and B open when 
desired into this reservoir. Similar 
membranes permeable only to C and D are open to cylinders which are to con- 
tain these substances. A diagram of the arrangement is given in Fig. 1. 

Step L— (’hange the pre.ssure of A, in the cylinder containing it, isothermally 

and reversibly from Pa to Pa, involving the increase in free energy, a I VdP. 

Jl>A 

Change similarly the partial pressure of B from Pd to Pn', with the free energy 



J f-Pti' 

VdP. 


Step Open the connections of the cylinders of .4 and B into the equi- 
librium reservoir, and introduce through the .semi-j)ermeal)lc membranes a mols. 
of A and b mols. of B, at their partial pressures Pa' and Pn'. 

Simultaneously withdraw’ from the reservoir c mols. of C and d mols. of D, 
at the partial pressures Pc' and Pd'. During this process the A and B intro- 
duced into the reservoir react to form C and D, thus keeping the composition 
of the reservoir only infinitesimally different from the equilibrium condition. 

Since the partial pressures of A, B, C, and D in the cylinders were equal 
to the corresponding pre.ssures in the reservoir, none of the processes occurring 
in Step 2 have involved any change in free energy. 

Step 3. — Change, isothermally and reversibly, the partial pressures of C 
and D in the cylinders containing them, from Pc' to Pc and from Pd' to Pd, 
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J f^Pc /^Pd 

rf/Pandrfl WW. 

ly 

The net result of steps (1), (2), and (3) is the occurrence of tlie chemical 
reaction a> required by the reaction e(iuation and each step has been 
carried out isothermally and rever>ibly. The >um of the various free enerfjy 
increases mu>t be, therefore, the total free energy increase* (»f the reaction, 
which is the quantity which we desired to deri\e. We may then write 

\F = a [ VdP + 5 ( WiP + c I ' VilP -f d f VdP. 

J/>.t Jy,, Jjy Jr,,' 


Xow. if the gases are Mifliciently dilute for the gas laws to be valid, we may 
write 

Af = (iHTtn + hirriii + rUThi '''\ + illlTIn (17) 

Pa Pit Pr Pi>' 


or, rearranging. 


Af = «7V, 

7'.i" X 




pr X /V"- 


(■IS) 


Recalling eeiuation (31), eciuatioii (IS) liecoines 


M' - RTln 


PJ X /V 
PJ X P,/' 


- UTlnK,,. 


(li)) 


The free energy increase* for a dilute gaseous reaction i.s e\idenlly delerniined 
at con.stant temperature by the ('(piilibrinm constant, and by the* initial and 
final partial jire.s.siire.s of the reacting spi'cles. If the* latter sliould lx* each 
equal to unity, we h.-ne 

= _ UTlnK,,. (.70) 

The free energy increase for a reaction between perh'ct solute's in solution may 
be elerived in an e'xactly similar way llowe'\e'r, it is j)re‘fe>rable' to consieh'r 
the most general case', inveilving the* .actmtie-s nf the' re'acting specie's 
Let Us coiisieler again the* geiu'ral rc'actioii 

(lA -f ••• - i'U 4- d/7 •••, (51) 

in which A, B, (', ami D may be substance's in any state wh;iteve'r. Leit (Ia, 
an, etc., represent the activitie.s e)f the' re-actants in the* specifie-el initial states, 
and (ic, (ID, etc., the activities e)f the re'siilt.ints in the specifie'd final state's. 
The corresponding activities at the equilibrium state are e/.i', a,/, ur, and «/>'. 
We may imagine the reactieen as being brought about by a mecluinism similar 
to that outlined above feer a ga.seou.s .system. Remembering that the free 
energy increase in changing a mol. of substance from acti\’ity a to activity a' 
is equal to RTln{n',(i), anel that the free energy increase at the comlition of 
equilibrium i.s equal to zero, we may write for the free energy incn'ase ac- 
11 
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companylng reaction (51) 
^F = RTln 




RTln 


ac" X Ad'”* 


* a^® X * • Aa'* X Ob'** 

This may be written, remembering equation (30), 
ac^ X 


AF = RTln 


ca^ X as^ 


- RTlnKa 


( 62 ] 

(53) 


or, for the reactions in which the initial activities of the reactants and the 
final activities of the resultants are each equal to unity, we have 

AF = - RTlnKa. (54) 


The free energy increase represents an extremely useful function in con- 
sidering the thermodynamics of chemical reactions. If we can determine the 
value of AF for a given reaction under given conditions, we can predict whether 
or not the reaction may occur spontaneously, since spontaneous change can 
occur only in the direction of a decrease in free energy. A negative value of 
AF, therefore, for a chemical reaction written in a given sense indicates that 
spontaneous reaction is possible in that sense; a positive value indicates that 
the reaction can occur only in the opposite sense. PAirthermore we may 
employ equations (53) and (54) either to calculate AF when the equilibrium 
constant is known, or to calculate the equilibrium constant when AF is known. 
In addition to the relations expressed in equations (53) and (54), the free 
energy increase for a chemical reaction may be determined from the electro- 
motive force of reversible cells (see Chapter XII), and through the third law 
of thermodynamics, from the entropies of the reacting substances (Chapter 
XVII). The calculation of free energy data by these different methods, and 
the combination of the data from all sources, has yielded so much valuable 
information that it is highly desirable that systematic determinations of the 
free energy changes of chemical reactions should be made, and the data ex- 
pressed in unified form. In order to avoid confusion, it is necessary that 
unity of procedure should be hfilowed in making the fundamental definitions 
of the quantities involved in the calculations. The most complete systematic 
calculations of free energy appear in the recent work by Lewis and Randall 
to which reference has already been made, and it seems advisable to adopt 
essentially their usage. They define the activity of a substance in such a way 
that for a pure chemical substance the activity is unity at atmospheric pressure, 
for that form of the substance stable under the prevailing conditions. For 
a solute, the activity is defined, for non-electrolytes, by the relation ajx = 1 
when X becomes equal to zero or as the solution approaches infinite dilution. 

For solutions of electrolytes a special definition of activity is employed 
which is discussed in Chapter XII. The free energy increase of a chemical 
reaction, as calculated from the equilibrium constant by equation (54), refers 
to a change of state in which either pure solids, liquids and gases occur in the 
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M)uation, at atmospheric pressure, or in which dissolved substances are present 
in such concentration that their activity is equal to unity. 

It should be emphasized that it is Ka which measures the free energy 
change, and not Kp, Kt or Kc unless the conditions arc such that these equi- 
librium constants arc equal to Ka. Thus, in onler to calculate free energy 
change from equilibrium data, we must either make the measurements in 
solutions so dilute, or at gas pressures so low. that the activities of the reacting 
species are approximately given by their mol. fraction, partial pressures, etc.; 
or we must make measurements over a sufhcieiit range of concentrations to 
permit extrapolation with rea.Honahle certainty into the (l<*sired range of 
conditions. The calculation of free energy data and of etiuilihrium constants 
from free energy data will be treat(*d briefly in a later section; for a complete 
discussion reference should be iiuule to Lewis and Handall's Thermodynamics 
and Chemistry. 

The Variation of Kquilirriu.m ('onditio.vs with Tkmi'ehature, Pressure, 

AND ( ' < J N ( ■ E .\ T R A T 1 0 N 

The Le Chatelier-Braun Principle: A state of eiiuihbrium in a chemical 
reaction is determined by the temperature, tin* jiressure, and tlie jiroportions 
of the substances present. We wish fre(|uenfly to know, both qualitatively 
and quantitatively, the change in the condition of (Mjuilibrium wliich will be 
brought about by a change in one or more of the variabh' factors inv(»lve<l. 

Qualitatively, these changes may be predicted by the use of the theorem 
of Le Chatelier-Hraun, which may be stated as f<»ll(»ws: If a change occurs in 
one of the factors determining a condition of (‘(luilibrium, th(‘ eijuilibriiim shifts 
in such a way as to tend to annul the effect of tlie change. From this statement 
it follows that the effect iff an increase in temperature, all otluT factors remain- 
ing constant, is to shift an eipiilibrium in the direction in which obsotphon of 
heat occurs, as this change would tend to annul the (*ffect of the luait added in 
changing the temperature; the effect of an increase in pressure will be to shift 
the equilibrium in the direction in which a (leciraKv in volumr occurs, as this 
change would tend to annul the effect of the increased pressunq an increase in 
the concentration of one of the substances present at equilibrium will shift 
the equilibrium in such a way as to tend to decrease the concentration of that 
substance. This principle is an extremely us<*ful one, and serves not only for 
purely qualitative predictions, but also as a check upon the quantitative 
results in which errors of calculation may appear. 

The quantitative information is, of course, usually more important and 
will be treated at length below, but it is instructive to consider the results of 
every quantitative calculation in the light of the Le ('hatelier-Hraun principle. 

The Eflfect of Temperature upon Chemical Equilibrium: The combination 
of the first and second law.s of thermodynamics give.s us for a reversible change 
the Gibbs-Helmholz equation (Chap. II) 


diAA) 
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In this equation it is assumed that the initial and final volumes are not func- 
tions of the temperature. Since in most chemical reactions pressure rather 
than volume is fixed by the conditions assumed for the reaction, it is preferable 
to write equation (55) in terms of the free energy increase and the increase in 
heat content, so that it becomes 


AE - MI = 



(56) 


Equation (53) gives us, for any reaction at constant temperature, 
AF = RTln- V- - RTlnK,, 


(57) 


where Ka is the equilibrium constant and etc., represent the activities of 
the reacting constituents in tlie specified initial and final states. 

Combining (56) and (57), and rearranging, we obtain 


d(AF) 

dT 


T 


— HlnKa + Rln 


(Uf X np’^' • • 
or X «//••• ' 


(58) 


Differentiating (57) with respect to T and remembering that since the values 
of a are arbitrarily chosen and not determined by temperatures, the expression 


RTdln 




is equal to zero, we have 


d(AF) 

dT 


RlnKa - RT 


dhKa 

dT 


+ Rln 


oe X or- • > 
oa“ X o/i^* • • 


(59) 


Equating the right hand members of (58) and (59) and simplifying, we 
have 


dT ~ R'n * 


(60) 


This important ecpiation, usually called the equation of van’t Hoff, ex- 
presses quantitatively the change of the general “mass law’' equilibrium 
constant with tlie temperature, as a function of AH, which is equal to — Qp, 
where Qp is the heat evolved by the reaction at constant j)ressure. Under 
conditions in which the special mass laws (equations (31), (33) and (38), (41), 
(44)) may be expected to be valid, equation (60) may be modified by combining 
it with the relation between Ka and the equilibrium constant in question. 

Thus, under conditions in which P = a, we have 

RT^ ’ 


dltiK^ 

~dT' 


(61) 
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Since Kp ~ Kc{RT)~^, where n-aA-b-c — d (equation (36)), we may 
write 

InKp = InKc - ulnRT 

and, combining with (61), 


(UnKr ndhiRT 
<IT ~ (rF~ '' 


lllL 

• ji'p 


(62) 


(63) 


dhK, 
'df' '' 


a _ Q,, - uRT 

■/r/-- 7’““ /rp 


Q. 

■ p * 


Similarly, making u^e of equation (31), 

Kp = A',- 7’" 


and 


d/a Ax d/a/"' 

d V '^"d'F 


Qj 

' RT- ' 


For reactions at constant pr(*''^ure, /*, therefore, e<iuati(tn (66) becomes 

d/a/\x _ Q,> 


dT 


R'n 


(64) 

(65) 

(66) 

(67) 


Equation (60) may l)e integrated if All i.s indejxmdent <if teni|)(‘rature or may 
be rcpre.v'Mited as a function of t«‘mi)eratnre. In the tir^t eas(* we obtain 


Ml 

M<..= -p^.+ r. 


(6S) 


(69) 


or, between 7’i and 7’j, 

“■•-'■‘--“(S-T.)- 

Changing t(» ordinary logarithms and inserting the numerical value of A, 
equation (69) become^ 


log 


•1.5< <S/ \ 7 1 7 2 / 


(70) 


This equation is widely used for the calctdation of the etTect of temperature 
upon equilibrium in cases where the heat of reaction is kmovn, and for the 
calculation of the heat of reaction w-here the equilibrium constant is known 
at more than one temperature. Evem if Ml is really dependent uixm temper- 
ature, equation (70) usually gives appro-ximately correct results if the interval 
between Ti and is not too great. 

In general, the variation of A// with T is given by the KircholT formula 
(Chap. II), 

d(A//) 


dT 


= AC, 


(71) 
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where ACp represents the difference between the heat capacities of the sub- 
stances on the right hand side of the equation for the chemical reaction and 
those of the left. It is frequently possible to express the heat capacities of 
each substance as a series function of temperature, of the form 

Cp = w + nf -f or ( 72 ) 

In this case, considering again the reaction 

aA - = c(7 + dZ)---, (73) 

we have 


ACp — {cmc + dniD — am a — hmg) + {cnc -}- dno — auA — hns)! 

+ (coc + doD — aoA — boB) r • • • (74) 

or, 

ACp = g + rr + sP (75) 

where g, r and 8 represent the terms in the parentheses, and are numerical 
constants for any given reaction. 

Combining (71) and (75), we obtain 


dT 


= (g + rf -f sP ••*) 


(76) 


and, integrating, 

AH = A//o + qT + ^rP + i^P • • • . (77) 

The integration constant i.s called A//o, since it is the value which AH reaches in equation 
(77) if T is made eciual to zero. 


If we combine equations (77) and (60), we obtain 

dlnKa _ A//o _q_ 
dT RT^'^ RT'^ 2R^ 3R 


(78) 


or 

Equation (79) expresses accurately the effect of temperature upon chemical 
equilibrium, and should always be employed in making calculations over a 
wide temperature interval, provided the necessary data concerning the heat 
capacities of the reacting substances are available. 

If we combine equation (79) with equation (54), we obtain 

AF = AHo ~ qThiT - JrP - JsP • • • - C'T, (80) 

which expresses the change of the ‘‘standard” free energy increase of a reac- 
tion with change in temperature. This equation is an extremely important 
one in the systematic calculation of free energy data. 
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Very frequently accurate data concerning the heat capacities of the reacting 
substances over a wide range of tem|)erature are not available, but values of 
the equilibrium constant at a number of temperatures are available. In this 
case it is often possible to express the variation of the equilibrium constant 
with the temperature by means of empirical formula', usually corresponding 
in type to equation (79), and differing only in the numerical values of the 
constants. Several different equations may express given numerical data 
over certain temperature ranges almost eijually well, and may serve for the 
practical calculation of the equilibrium constant at temperatures differing 
from those measured. It is desirable, however, to utilize in all calculations 
equation (79), containing actual specific heat data, wherever these are avail- 
able. Specific e.xamples of these formula*, both of the emi)irical tyj)e and those 
employing exact s})ecific heat data, will be given in a later section. 

The Effect of Pressure upon Chemical Equilibrium: (Quantitatively the 
effect of pressure change upon chemical equilibrium may be followed by con- 
.‘sidering the various eijuilibrium constants. 'I'he activity constant, K„, is 
necessarily independent of the pres.Mire, .ms may be .seen from its n'lation to 
the free energy change in the react icm, occurring between certain di'lined 
initial and final states. Since the,>^e initial and final .states are arbitrarily de- 
fined and independent of the {ire.svure, the free energy increa.'^e and K„ must be 
independent of the pre.'^sure. For a n'action Ix'twi'en dilute gasi's, /\„ = A;„ 
which is also independent of iire-s^ure, as i.'' K,. which is rt'lated to K,, by a 
factor not dependent upon pre.^Mire. The eipulibrium constant. Kj, liowovor, 
varies with the pres.sure. Writing from etpiation (34) 

Kr= A', X (M) 

and taking logarithms, we have 

In Kx ~ In Kp -f {n -f — c — d) In P . (82) 

Differentiating with respect to P, we obtain 

(IlnKx _ ( u -b h — c — d) ^ 

(IP ~~ P 


When PV RT, this expresMon becomes 

d/riA'x _ (fl + - c — jPy ^ 

~dP RT 

It is apparent that if a -j- ^ + d, Kx also i.s independent of P . 

The quantitative effect of a change in pre.ssure upon the proportion.s of 
the reacting constituents present at equilibrium may lie calculated very simply 
for a dilute gaseous reaction. 

We may write equation (31) in the form 


A'p 


X A'// 

X A'/i‘ ^ 


(85) 
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where N represents the total number of mols. in the system. Since Kp is 
constant, it is clear that when a + h = c -h d the second (P/N) factor of the 
rif^ht hand side of the equation becomes unity, and no change whatever takes 
place in the relative number of mols. of the reacting constituents with a change 
in pressure. If, however, a + is not equal to c + d, the P[N factor will 
differ from unity and a change must occur in the first factor, by reaction 
between the constituents, in order to satisfy the equation. 

Let us consider a system at equilibrium at pre.ssure Pi, for which the 
numerical values of jVc, Nd, Na, Nj{, etc., have been determined. Let us now 
change the i)re.ssure to /\. Let x represent the decrease (which might actually 
be an increase) in the number of mols. of .1 after equilibrium has been re- 
established. 

Substituting the new values in equation (85), we have 


X 


pjr-ld-a-h) 



(c A- d — a — h)x 
a 



Since all of the (piantities in the (‘quation except x are known, the value 
of X, and hence the extent of the shift of eciuilibrium, may be readily calculated. 

The effect of pre.ssure upon equilibrium in the lifiuid pliase is ordinarily 
negligible for moderate changes in pressure. For very considerable pressure 
changes, however, it may become (piite appreciable. The magnitude of the 
effect, in the case of a perfect solution, may be shown from the following 
consideration. 

If the reaction 

nA +5/1... = cC + dD (87) 


occurs at unit pressure Pi, the free energy increase is given by the equation 
(compare equation (53)) 


iiF, = cf’ip + (IF,^ - , , - hFt„ = RTtn ""‘I " ' -■ liTliiK^. (SS) 

a X (In'* • • • 

Since at unit pressure the activity of a perfect solution is equal to its mol. 
fraction, we may write a = x, and equation (8S) becomes 


AFi = RTh 


A',/ X A,,/ . . . 
A,/ X a./Tt: 


- RTlnKi^. 


(S9) 


If instead of carrying out the reaction at pressure Pi we raise the pre.ssure to P 2 , 
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the molal free energies of each constituent will be increased according to the 
equation (Chap. II) 


J f'Pt 

VdP. 

I’l 


(90) 


The free energy increa^e of the reaction at pre>sure I\ is given, therefore, by 
the equation 


J^/«, 

r.td/’ 

I’l 

J f'pt /'/'I 

+ f Wiir + d 

I’l Jpi 

Combining (SO) and (91), we have 

AF;= - ItTlnK, + llThi^''' i”]' 

.V,/ X .V,„‘ ■ 


r 

jj’i 


(91) 


VndP. 


.\dP 


/'»/•! /*/>j 

Vti'IP + r I \\dP + d V,>dP. 

rt •h’l . ^*1 


(92) 


Now tlic free energy increase, IF;, can also Ix' (hMermiiual by carrying 
out tile reaction through an i.so(h(‘rmal n'vejsible jirocess at jiressiire P-:, 
similar to tliat useil in deriving eipiation (o.’l). Mach ri'actant is lirst changi'd 
from its initial mol. fraction (which is .still A’l) to the eijiiilibrium value A'i, 

involving the free energy increase jier inol.of RTln , and is then caused to 

A 1 

react at the equilibrium condition, 'fhe t(»tal free (UWTgy incri'aso involved 
in the process is given (eipiation (.Vi)) l)\ tlu' equation 


A',,/ X A ,,,' ■ 

A/’. = llTln--:- 

A,,«XA,„‘- 


- It Tin 


■Vy" X A-,,;' ■ 
■ X .V,„‘ ■ 


(!•■■!) 


where the .second member of the right hand side of tlu* equation is evidently 
Equating (92) and (93), we lia\(' 


RTlnK 2 , - RTInKi^ = a f ' l ^dP d- h T* \didP 
Jpi dPi 

-r 

Ji‘. 


rr. (94) 

VcdP - d Vi>dl\ 

7', «//'! 


If Pi — Pi = dP, that is, for an infinitesimal change, we may write 
dhiKz (jUa + hVn — cVc — dVp 


dP 


Hr 


(9.7) 
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This equation was first derived by Planck * and shows that the rate of 
change of the equilibrium constant, Kx, with the pressure, is equal to the 
decrease in the sum of the molal volumes of the reacting substances, divided 
by RT. 

If this equation is compared with that previously derived for a gaseous 
equilibrium, equation (84), it is apparent that the two become identical when 
the molal volumes of the constituents are equal to each other, as would be 
true for dilute gases. 

If we consider the relation between Kx and Kc, the mass law constants in 
terms of the molal concentrations, we may derive an expression for the rate 
of change of Kc with the pressure. 

Thus, from equation (45), 


where N is the total number of mols. (of all kinds) and V the total volume. 
Taking logarithms, 

InKc = InKx + (a + 6 - c ~ d)bi^ • (97) 


Differentiating, we obtain 


dlnKc dlnKx 


(a + 6 - c - d) 


AH. 


If the solution is dilute, we may replace — by V, the molal volume of the solvent, 

N 

and obtain, using equation (95), 


dlnKc uVa 4- hPa — cVe — dVr) 


{a + b-c-d)-=—- (99) 

V dP 


The increase in the partial molal free energy of the solvent with the pressure 
is given by the equation 

dF = VdP. (100) 

Now, in the chemical reaction in question the increase in the partial molal 
free energy of the solvent is also given by the equation 

dF^^RTliA, ( 101 ) 


where Xi and -Y 2 are the mol. fractions of solvent before and after the change; i.e., 


iV. - a - 6 


and A'a = 


N, - c-d 


‘ Thermodynamics, English Translation, p. 23? (1903), Longmans, Green and Co. 
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If the solution is quite dilute, a + 5. and c 4* d are small as compared with 
N$, and, expanding equation (101) by McLaurin’s theorem and neglecting 
higher powers, we obtain 


dF = RT 


(r -f d - a - b) 


( 102 ) 


Combining equations (102) and (100), 

- ^ RTir + d-a - h) ^ 

XdP 

Substituting this value for V in equation (09), we obtain 

* dhiKr _ (iVa 4* bVi) — d'c — dVi) XdV 
7/F“ RT RT ’ 


(103) 


( 104 ) 


or, since (uT^ b \ n — (' \ c ~ d \ d \d \ ) is e(jual to the total deeretise 
in volume, — AY, which occurs when the reaction takes i)lare, 


_A\^ 

dP ~ RT ‘ 


( 105 ) 


This equation has been recently obtained by Kie(‘ ' and by Williams,'* em- 
ploying a cyclic process involving th(‘ osmotic w<'rk j)ro<luce(l by concent lation 
changes. 

The equation has been tested experimentally by Fanjung,* who measured 
the dissociation of weak organic acids at high pres'-ures. 

The Effect of Dilution at Constant Pressure: The (>ITt‘ct of volume change 
upon a chemical equilil)rium is more readily semi if we nairrangi* somewhat 
the fundamental mass law e\prcs''ions, 1 hus we may write e<iuati<)n (31) 


Kp 


X A'//' ^ 

A’,i“ X Xh^ (A4 -f Xn 4- Ar 4- A/j)^"*'^ " 


( 100 ) 


and equation (35) 

^ A'r^ X X,;‘ ^ (]()7) 

' A’.i“ X Xit^ 


The effect of dilution of the equililiriurn system at constant pressure may 
now be considered. If the diluent is a substance which <loes not participate 
in the chemical reaction, its effect, in general, is only to increase the total 
number of molecules (A'., 4- A'„ + A'r 4- Xp 4- •*•), nnd hence the volume 
If a 4- 6 = c 4- d, it is obvious that the equilibrium is unchang<‘d by such 
addition, because in such cases the "total number of molecules factor and 
the volume factor become unity. If (n -b b) is greater than (c -f d), the 

‘ Trant. Farad. Soc., 12, 318 (1017). 

* Traru. Farad. Soc., 16, 458 (1921). 

*Z. physik. Chem., 14 , 673 (1894). 
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equilibrium must shift with increasing volume in the direction expressed by 
the equation for the reaction, from left to right, until the new values of Na, 
A’b, etc., satisfy equations (106) and (107). If (a + b) is less than (c + <f). the 
reverse change must occur. 

If the dilution Is made with one of the reacting constituents, at constant 
pressure, the effect on the reaction is not so simply predictable, qualitatively, 
but is always calculable quantitatively from equation (106) and (107) when 
the values of Na, Nb, etc., are known for the particular case. 

In this connection it is of interest to consider the proportions in which the 
reactants for any given reaction should be employed in order to give, at equi- 
librium, a maximum yield of resultants. 

Let us write the reaction 

aA -i-bli + cC = (ID + eE A-fF (108) 

Let X be the mol. fraction of D pre.sent at equilibrium. Then, if no Z>, E, or F 
was present at the beginning of the reaction, we have 

eX 

— = the mol. fraction of E at equilibrium, 

a 


fX 

— = the mol. fraction of F at equilibrium. 
a 


Let tb, re • • represent the ratio of the mol. fractions of B, C, etc., at equilibrium 
to the mol. fraction of A. Since the sum of the mol. fractions must be unity, 
we have 

— ^ = 1. (109) 


Avi + tbXa + tcXa’ ' • + A" 




d + e 


If we denote the term 


( 


d-^c-hf) 


by M, we have for 


the various mol. 


fractions 


1 — mX 
1 -f Tb 4- rc- • • 

1 + rfi -f rc* • • 

_rc(l - mXl_ ^ 
1 -4 Tb 4 re* • • 


Writing the equation for the ma.ss law at constant temperature and pressure, 
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and substituting the values given above, we have 
A'x = ' 


-Y'' X 1 

(?) 


r 

\ 1 + rfi + rc" ■ 4 

fx( ^"0 _ 

\ 1 4- r/, 4" J'c' • * 

)‘ 


or, simplifying, 




A'x = - 


/ red - mX) Y 


it' X I ' X 


( 110 ) 


( 111 ) 


( I - n,X 

\1 +r/r+rr) ^ ^ 

If we denote the two cmivtaiit fac(or> in (he iminerator by / and //, we liav(‘ 

(1 - //kV)<''’^^'> '"(I -b /-a + 


By ai)plying the i)rineiple>' of tin* dilTen'iitial ealeiilus, it may be .shown (hat A' 

is a maNimuin wlien vh = - ; I'c - -- ; or when 
(I a 


A , ^ ^ AV ^ ^ 

(/ /> f' 

Thi.s can, however, only be tin* eas(‘ when the .sum* prop<irlions lu'hl in the 
original mixture or, in other words, when tin* (wiginal mixture* contained (he 
reactants in the jiroportions whieli are reeimred by tin* ehomical eejiiation. 
As an illustration, in the reaction 

X, 4-311,= 2X113, 

the maximum percentage of XIB th;it can be* in e‘e|iiilibrinm with a rnixliire of 
Xo and H, at any given jire^sure anei (e*mpe*ra(nre i*. proeliiceel by bringing to 
equilibrium a mixture of X, ami II, in (he* molal ratio eef 1 : 3. 

The effect of the adelition tei tlie* (*(pnlibriuin mixture* of ineliffe*rent e>r 
reacting substance.s at ceuistant volume is clear freiiii consieleTatieen of eepiation 
(107). Thus, an inelifferent substance will not be exiiecteel to change in any 
xvay an equilibrium at cemstant veelume (e*xcept as imlicateel bele)w), and the 
effect of an addition of one of the reacting ceen.stituent.s will be to displace the 
equilibrium in such a w*ay as tei elecre'ai-e the number of imels. of the other con- 
stituents on the side of the chemical equatiem which includes the substance 
added, and to increase the number of mols. of the .substance.s on the opposite 
side of the equation. 
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In considoring the effect upon a system in equilibrium, we have considered 
the addition of substances not participating in the reaction as merely increasing 
the total number of molecules. This assumes, however, that the activities 
of the reacting species are still equal to their mol. fractions or to their partial 
pressures. If the added substance affects this relationship, it will be expected 
to have a specific influence on the equilibrium concentrations. For dilute 
gases in general, the addition of an indifferent gas does not affect the other 
gases measurably, but with gases at high pressures, and in the case of liquid 
solutions, the effect of adding “indifferent” substances may not be predicted 
simply from the volume change. With many organic compounds, the activity 
may be approximately given by the mol. fraction over a wide range of concentra- 
tions, but, in the case of other substances, particularly strong electrolytes, the 
activities of the reacting species may be markedly affected by the addition of 
apparently indifferent substances, and the equilibrium concentrations may 
change accordingly. 

The special case involving the addition of a catalyst is discussed further 
below and the effect of a solvent in liquid systems will be treated in a later 
section. 

Catalysts and Equilibrium : In the experimental measurement of equi- 
librium it very frequently happens that the rate of the reaction is not sufficient 
to bring about the condition of equilibrium in a reasonable time at the temper- 
ature at which it is desired to operate. In such cases it is usual to resort to 
the use of various substances which accelerate the rate of the reaction without 
apparently affecting the equilibrium. As the literature contains frequent 
statements that “a catalyst cannot affect the equilibrium” and occasional 
objections to this view, it may be well to consider the subject in some detail. 

The general law of mass action, equation (30), was derived from considera- 
tion of the initial and final states of the system, and must be independent of 
the mechanism by which the change takes place. It follows, therefore, that 
the activity constant, K„, and the free energy change for the reaction must 
be unaffected by the presence of any substance occurring on both sides of the 
chemical equation, provided the equation is otherwise unchanged. Thus, if 
a mixture of nitrogen and hydrogen is passed over a solid catalyst so slowly 
that equilibrium is obtained, the partial pressure of Nz, Hz and NH3 in the 
issuing gas will be necessarily the same as those which would have been present 
had the equilibrium been produced in the absence of a catalyst. In all cases 
of this type it is quite clear that the catalyst does not affect the equilibrium. 
Nevertheless it is quite possible for a catalyst to affect the equilibrium con- 
centrations for a given reaction, if it is present in such quantity as to affect 
the activity of one or more of the reacting species. Thus, strong mineral 
acids are known to accelerate the reaction between alcohols and organic acids, 
and also the hydrolysis of the corresponding esters, and acids have been used 
as catalysts to facilitate the measurement of equilibrium in such reactions. 
The mol. fractions of ester, alcohol, acid and water may, however, have in 
such cases appreciably different values from those obtained without the use 
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of a catalyst, for the mineral acid affects the activity of the u'ater (and probably, 
to a lesser extent, the other constituents), so that the activity of the water is 
no longer equal to its mol. fraction. This effect is particularly apt to occur in 
equilibria which involve electrolytes, either as reactants or as catalysts, and 
must be taken into consideration in measurements of equilibrium. 

Thus, in measurements in which the catalyst is actually present in the 
system when the equilibrium is measured, the possibility must be considered 
that it may have an effect upon the activity of the reacting species, and thus 
lead to erroneous values for the equilibrium constant and the free energy 
change. This is, of course, also true of any “indifferent" molecular species 
which may be present in the system, as indicated above. 

The difficulties which have ari.sen in considering the effect or lack of effect 
of a catalyst upon equilibrium have usually arisen from failure to consider 
carefully the assumptions underlying the particular equilibrium expre.ssions 
which may have been employed. 

In general, there is no serious difficulty in determining experimentally the 
question of the pos.sible influence of the catalyst upon the ecpiilibrium. 

Measurement of Chemical Kquilihrium 

The experimental measurement of chemical eipiilibrium frequently presents 
problems of considerable difficulty. The position of equilibrium may be such 
that the reaction goes nearly to completion in one direction, and the concentra- 
tions of one or more of the reacting species may become immeasurably small. 
In other cases, the rate of the reaction may be so slow that eiiuilibrium is not 
established in any convenient time at the temperature at wliich it is desired to 
measure it. Again, the rate of reaction may be so rapid tliat an attempt to 
analyze the equilibrium mixture results in a shift of the equilibrium. In the 
reactions of organic chemistry, and in many inorganic reactions, the problem 
is complicated by the occurrence of other reactions than the one whose equi- 
librium it is desired to measure. No general procedure can be indicated for 
the determination of the condition of equilibrium, as each problem is apt to 
require individual treatment; a few tyi)es of experimental method which have 
been used successfully may, howev’er, be noted. Ihe first step, in general, 
consists in determining that the reaction proceeds in each direction at some 
definite temperature, at a rate sufficiently rajud to permit the establishment 
of equilibrium within a reai^onable time. The rate at a given temperature 
may frequently be increa.sed by the selection of a suitable catalyst, which 
should not affect the equilibrium (see, howe\er, the preceding section). Known 
proportions of the reacting sub.stances are then brought in contact and are 
kept at the temperature in question until the mixture does not change in 
composition wdth increa.sed time. 

The analysis of the mixture must then be carried out in such a way as to 
prevent appreciable change in the composition by reaction during the time 
neces.sary for the analysis. Similar determinations should be made in which 
the equilibrium is approached from the opposite side, and experiments in which 
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the initial proportions of reactants are varied are usually necessary in order 
to calculate definitely an equilibrium “constant” for the reaction. 

If possible, the analysis of the mixture is made at the temperature of the 
measurement of the equilibrium, by the determination of some physical 
property whose change can be shown to be proportional to the extent of reac- 
tion. Thus, the density may measure the extent of a reaction between gases 
in which the total number of molecules changes with the reaction; color, re- 
fractive index, optical rotation, etc., may in individual cases serve to measures^ 
the equilibrium concentrations. 

If the analysis cannot be made without disturbing the system, recourse 
may be had to the procedure of lowering the temperature of the mixture very 
rapidly to some temperature so low that the rate of reaction is inappreciable 
in the time necessary for an analysis. The feasibility of this process will vary 
with the individual case. 

In the case of reactions between gases, which are apt to occur with con- 
siderable velocity only at the surface of solid catalysts, dynamic methods are 
frequently employed, the reacting mixture being passed over the catalyst so 
slowly that further decrease in the rate of flow does not produce further change 
in composition (thus indicating the existence of equilibrium), and the gas 
issuing from the catalyst is cooled and analyzed. Since the rate of the reaction 
in the absence of the catalyst is fre(iuently negligible, it is thus possible to 
maintain the mixture unchanged from the equilibrium condition for consider- 
able periods of time. 

In a great many cases in which it has not been found possible to measure 
the equilibrium of a chemical reaction directly because of exi)erimental diffi- 
culties, it becomes possible to calculate it indirectly from a determination of 
the equilibria for reactions which, when combined, will give the reaction in 
question. Thus, consider the reactions 


II 2 + = II 2 O, 

•(113) 

CO 4- lO-z = CO., 

(114) 

CO -f HoO = CO 2 + Ho, 

(115) 


for which at high temperatures and moderate pressures we may write 


^ n V ’ 

I H2 ^ ^02 

(116) 

~p 

^ CO ^ ‘ O2 

(117) 

"f — X Phi , 

^CO X Ph20 

(118) 
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Each of these equations represents the relation which npist exist at equilibrium 
between the partial pressures of the reacting constituents, regardless of any 
other substances which may be present. In a sy.stem at equilibrium containing 
both HjO and CO 2 , CO, H 2 and O 2 must also be present, and the partial 
pressures of the different constituents must adjust themselves in such a way 
that all three equations are satisfied. Obviously, then, equations (1 Ifi), (117) 
and (118) are properly to be regarded as simultaneous e(|uatious, and if any 
two are known the third may be calculated. Thus, it might be that the 
dissociation of water could not be measured at a given temjx'rature; while 
that of CO 2 (117) and the equilibrium of the water gas reaction (IbS) were 
experimentally measurable. The dissociation constant for H.-O is then calcu- 
lable without direct measurement. 

This principle is of the utmo.st importaiuce, and its use has permitted the 
calculation of the equilibrium of numerous important reactions. 

Furthermore, the equilibrium constant is din'ctly ndated to the free energy 
of reaction (p, 305) which is fre(|uently calculable from such data as the elec- 
tromotive force of cells (('hap. XII) or from the entropies of the reacting and 
resulting substances (('hap. XVH). It has sometimes been possible to utilize 
very elaborate combinations of reactions to calculate tlie eiiuilibriurn constant 
not directly measurable.’ It must be rememlx'red, liowevcr, that cumulative 
experimental error is apt to occur if too many dilTenmt data an' combined. 

If the approximate condition (tf eijuililirium is known, it is freipiently 
possible to determine the e.vact condition by prejiaring a series of mixtures 
approximating in composition that ('stimated for the eijiiilibrium, and noting 
their rate of change, by means of analysis, or by .some physical im'asurement. 
If it can be shown that one mixture is changing in one ilin'ction, and another 
in the oppo.site direction, the true e(|uilibriuni must lie between these limits, 
and by repeating the experiments it is po.ssible to maki' tlu' limits as narrow 
as is dc.sired. This procedure is freipK'utly employed whi'ii complicating 
reactions are ajit to occur if too long a period of time were allowed for the 
reaction. 

II0.MOGENKOUS KyriLinan M i.\ the (Jaheous Tihse 

Mo.st measurements of gaseous ecpiilibrium have been carried out at 
pressures in the neighborhood of atmospln'ric, and at .somewhat elevated 
temperatures, so that the activity of each reacting species is approximately 
equal to its partial pre.ssure. Under these cimditions the equilibrium is ex- 
pressed by equation (31) above. 

Reactions in which no Change in the Number of Molecules Occur: If the 

number of molecules of resultants is eipial to that of the reactants, it is ap- 
parent from equation (31) that change's in the total pressure of the system will 
be without effect upon the po.sition of eeiuilibrium, so long as the partial 
pressures of the reacting substances may be considered as approximately eciual 
to their activities. Examples of this type of reaction which have been the 

* See Lewis and Randall, Thern)od 3 namic.H and Chemistry, 488, 52H, 192.3. 
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subject of extensive experimental investigation are 


H 2 + I 2 = 2HI 

(119) 

and 


Hs + CO 2 = CO + HjO. 

(120) 


The former of these reactions was investigated thoroughly by Bodenstein,^ 
who allowed known quantities of hydrogen and iodine to react until equilibrium 
was reached, and then, after sudden cooling, determined the hydriodic acid 
formed. 

If a represents the number of mols. of H 2 taken at the start of the reaction, 
h the number of mols. of I 2 , 2x the number of mols. of HI formed after 
equilibrium has been reached, and P the total pressure, we have, for the 
equilibrium partial pre.ssures. 


, _{a-x)P 


( 6 - 

0 + 6 


whence 


P 


= 

0 + 6 




Phi* __ 
Phi X Pi, 


(o 


4x2 ^ 

x)(6 - x) * 


( 121 ) 


In Table I are given characteristic experimental data obtained by Boden- 
stein, and also values of x calculated from equation (121), taking the value of 
K as 50.4, the mean experimental value at 454®. The close agreement shows 
that equation (121) represents quite closely the experimental facts of this 
equilibrium. 

TABLE I 


Equilibrium Data, H* + I* = 2HI 
Temperature = 454°; Kp = 50.4 


Hi 

Ii 

HI 

HI 

at Start 

at Start 

Formed 

Calc, from 

cc. 

cc. 

cc. 

Eq. (121) 

(a) 

(fe) 

(21) 

(2x) 

8.10 

2.94 

5.64 

5.66 

7.94 

6.30 

9.49 

9.52 

8.07 

9.27 

13.47 

13.34 

8.12 

14.44 

14.93 

14.82 

8.02 

27.53 

15.54 

15.40 

7.89 

33.10 

15.40 

15.12 


physik. Chem., 29, 295 (1899). 
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The reaction 


lU 4- COo = CO + HoO 


has been studied very extensively, as it is of technical importance both in the 
manufacture of water gas” and in the ijianufacture of liydrogen from water 
gas. The most important data arc those of Hahn ‘ and of Haber and Hiclnirdt * 
whose investigations combined cover the temperature range of about 600° C 
to 1500° C. 

The experimental method of Hahn consisted in allowing a slow stream of 
gases, of known composition, to pass over a catalyst, and in then cooling the 
gases rapidly and analyzing them, ('haracteristic data taken for the temper- 
ature of 980° C. are given in Table II and illustrate very well the relation 
existing between the partial pressures of the reacting gases at 0(piilibrium. 
In these particular experiments the initial gases were mixtures of CO, and Hj 
in varying proportions, and therefore in the eciuilibrium mixture the (X) and 
H 2 O are of equal volume percentage. The values of Kp calculated from the 
equation 




P( () X P 

PcOi X /^H, 


( 122 ) 


show only irregular variations from the mean of 1.60. 

The effect of temperature upon the ecjuilibrium was investigated l)y both 
Haber and Hahn and their data have been recalculated by both Haber * and 
by Lewis and Randal I.'* 

The latter authors have shown that the variation of the equilibrium constant 
with the temperature is well represented bv an equation of the form of equation 
(79). 

Their equation is 

10,100 l.HllnT 0.004457’ O.OOOOOOGSr^ 

^ - -ST + — - ~ It “ + H + 023) 


Values of Kp calculated from equation (123) show a rapid change in the 
values of the equilibrium constant with the temperature, the equilibrium 
being displaced largely toward the right at high temperatures, and to the left 
at low temperatures. In the technical preparation of liydrogen by means of 
this reaction, the starting point is usually a mixture of CO and IC in approxi- 
mately equivalent proportions. It is desired to obtain from it a mixture as 
low in CO and as high in H, as possible. From considerations of equations 
(122) and (123) it is clear that this residt may be achieved by operating at 
as low a temperature as possible, and by adding steam (which may later be 

‘ Z. physik. Chem., 44 , 513 (1904); 48 . 7.35 (l‘M)4). 

* Z. anorg. Chem., 38, 5 (1904). 

* Haber, Thermodynamics of Technical Gas Reaction.^ (tr.), Longman.*?, Green A Co., 
1908. 

* Lewis and Randall, Thermodynamics and Chemistry, McGraw Hill Co., 1923, p. 574. 



324 


A TREATISE ON PHYSICAL CHEMISTRY 


removed readily) to the mixed gases. The limits to which these procedures 
may be effective commercially are determined by the rate of reaction at 
low temperatures, by the cost of steam, etc.* 

TABLE II 

Equilibrium Data in Water Gas Reaction 
Temperature = 980° C. 


Initial Composition Equilibrium Composition 

Per Cent by Volume Per Cent by Volume 


COj 

Hi 

CO 2 

CO = H 2 O 

Hj 

10.1 

89.9 

J 

"0.70 

9.46 

80.38 

1 

0.07 

9.33 

80.07 

30.1 

09.9 


7.18 

23.00 

40 82 


.7.12 

22.92 

47.04 




21.52 

27.83 

22.82 

49.1 

51.9 


20.78 

28.04 

23.14 




21. .30 

27.88 

22.87 

00.9 

39.1 

J 

" 34.07 

20.25 

12.77 


31.20 

20.01 

12..58 

70.3 

29.7 

J 

^ 47.0(> 

22.79 

6.70 

1 

, 47.35 

22.85 

0.95 


Another reaction of this cbiss, which is of industrial importance, is that 
between nitrogen and oxygen, in accordance with the etpiation 

2N2 + 202 = no. (124) 


The rate at which equilibrium is established for the reaction is extremely slow 
and it has been measured directly only at temperatures of C\ and above. - 
Even at these temperatures the percentage of nitric oxide produced by heating 
air until equilibrium is established is extremely small, being 0.377 at 1540® C. 
and 2.33 at 2400° (\ At any given temperature the per cent of nitric oxide 
in equilibrium could be increased somewhat by heating a 1 : 1 mixture of Ng 
and Oa (compare p. 310), but, in the technical utilization of the reaction for 
the fixation of nitrogen, the increased percentage of nitric oxide would not be 
sufficient to warrant the use of artificial Na : O 2 mixture instead of air. The 
variation of the equilibrium constant with the temperature is expressed by 
the equation 


21,600 2.50 


(125) 


1 For a discussion of the technical problem the reader is referred to Taylor, Industrial 
Hydrogen, Chemical Catalog Co., 1921. Later data on the water-gas equilibrium are to be 
found in J, Am. Chew. 46, 888 (1924). 

* Nernst, Z. anorg. Chem., 49, 213 (190(>). 
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Since the heat capacities of nitrogen and oxygen are identical with tl\at ot 
nitric oxide, the heat of the reaction does not vary with the temperature, and 
the characteristic equation assumes the simple form given above. 

Reactions in which the Total Number of Molecules Changes: A great 
number of gas reactions of this type have been tlie subject of experimental 
investigation. In illustration may be cited the following: 


CO + 10. = CO;, 

(120) ‘ 

H, + 10, = U;0, 

(127) * 

d 

II 

q 

(128) » 

NO, = NO + 10;, 

(129) < 

I;= 2[, 

(130) 

(CHjCOOH). = 2CH,COOIl, 

(131) « 

IN, + |II, = NU,, 

(132) ^ 

SO, + 10, = SO,, 

(133)* 

UCI + JO, = ICI, + 1H;0. 

(134) » 


Certain of these reactions will be di.scu.ssed in some detail to illustrate 
experimental method and to point out the ai)i)lications of the equilibrium hiws 
to practical problems. 

When the equation is so written as to indicate the breaking up of a single 
molecular species into either more than one molecule of an individual substance 
(equations (128), (130) and (131)) or into moic than one kind of molecule 
(equations (120) and (120), (127), (132) and (133) written in tlie opposite 
sense), the reaction is frequently termed a dimtciaiion, and the equilibrium 
constant is called the dis.sociation constant. In examining values for equi- 
librium constants occurring in the lit(‘rature, care should always lx* taken to 

(Those rcforonres arc not cotnplote, they refer to th(‘ more iinjiortant invest iRat ions,) 

> Ncrnst and von Wartonburp, Z. phj/.sik ('han , 56, .'>1S (ll)(M>). 

Langmuir, J. Am. Chem. Soc., 28, I.'J')? (liKMi). 

Lowenstein, Z. physik. Chem., 54, 707 (mo.'o. 

* Nernst and von Wartenburg, Xarht. Kyi yo- (Jottingen (1005). 

LoMonstein, Z. physik. Chtm., 56, 5l-i (lOtiO). 

Langmuir, J. Am. Chem. Soc., 28, i:{57 (IttOfi). 

® Schrebcr, Z. physik. Chem., 24, (WI (l.S!>7). 

Bodenstein and Katayania, Z. Klektroehem , 15, 211 (1000). 

Bodcnstcin, Z. anorg. Chem , 100, (W (1022). 

* Bodenstein and Katayania {he. cit.), Bodenstein (hr. cit.). 

* Stark and Bodcnstcin, Z. Elektroehem., 16, Otil (1010). 

* Drucker and Ullmann, Z. physik. (’hem., 74, 507 (1010). 

7 Haber, Z. Elektroehem., 20, 502 (1014). 

Halier, Tamaru and Pommy, Z. Elektroehem , 21, SO (1015). 

Haber and Maschke, Z. Elektroehem., 21, 120 (1015). 

Haljer and Greenwood, Z. Elektroehem., 21, 241 (1015). 

Larson and Dodge, J. Am. Chem. Soe , 45, 201S (1023). 

Larson, J. Am. Chem. Soe., 46, :4f)7 (1924). 

•Bodenstein and Pohl, Z. Elektroehem., 11, 37.3 (100.5). 

* Lunge and Marmier, Z. angrw. Chem., 10, 105 (1X97). 

Lewis, J. Am. Chem. Soc., 28, 1.380 (1906). 

von Falkenstein, Z. physik. Chem., 59, 313 (1907). 
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note the direction in which the reaction is written, and also the exact equi- 
librium constant employed, for the numerical values of Kj,, Kc and Kx are not 
identical for reactions in which the number of molecules changes, as previously 
shown, 

Dmociation of Carbon Dioxide: The reaction 

CO 4- iO, = CO 2 (135) 

goes ordinarily so nearly to completion from left to right that direct measure- 
ment of the equilibrium constant represents a difficult experimental problem. 
Nevertheless, very satisfactory data have been obtained by Nernst and his 
students, Nernst and von Wartenburg passed carbon dioxide through a 
heated tube and then, after rapid cooling, analyzed the gases formed; Lang- 
muir passed carbon dioxide either alone or mixed with carbon monoxide or 
oxygen, around a heated platinum wire at high velocity, and analyzed the 
issuing gases; Lowenstein made use of the Victor Meyer apparatus. Their 
measurements cover the range of 1100° C. to 1450° C. Pure carbon dio.\ide 
is dissociated at atmospheric pressure to the extent of only 0.4 per cent at the 
highest temperature measured, and is only 0.0142 per cent dissociated at 
1100° C. 

These data are in very good agreement with calculations of the equilibrium 
made indirectly by combination of other data. 

The equation' 


InKp 


67,510 

' RT 


2.75lnT , 0.0028T , 0.00000031 P 

~R~^~~R~"^ R^ ~ 


4.46 

R 


(136) 


expresses quite accurately the variation of the equilibrium constant with the 
temperature. 

The dissociation of carbon dioxide will vary with the total pressure, as 
shown in an earlier section. If a represents the fraction of carbon dioxide 
dissociated, then we may write the mass law equation 

K = = V‘^0 - fl) ^3-. 

Pco X p;// aP{0.5aPyi'^ X ‘ ^ ' 

For values for which a is small as compared with unity, we may write this 
equation 


K 

pi/3 


(138) 


The dissociation varies, then, inversely with the 1/3 power of the total 
pressure. 

Dmociation of Water Vapor: The reaction 

Hj -b JO 2 = H 2 O (139) 

• Lewis and Randall, Thermodynamics and Chemistry, McGraw Hill Co. (1923). 
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proceeds even more nearly to completion than reaction (135), but its oqviilibrium 
has been measured by the same methods and the same investiRators as those 
cited in the preceding case. In addition, Lowenstein, making use of the fact 
that hydrogen gas passes readily through hot platimini, measured directly the 
partial pressure of hydrogen in equilibrium with water vapor and oxygen. The 
data show that water vapor is di.ssociated at atmospheric pressure to less than 
0.01 per cent at 1100 C. and the di.ssociation has risen to only 1 S per cent at 
2000® C. 

This important reaction has been the subject of many indirect measure- 
ments and the data from all sources agree admirably with the equation 

57,410 OMlnT 0.001(557’ , 0.00000037 3.92 

R R R R ' 


The Dissociation of Nitrogen Tetroxide: Nitrogen tetroxide is appreciably 
dissociated at 0° C., 


NA = 2X0,, 


(141) 


and the amount of dissociation increa.ses rapidly with increasing temperature. 
The experimental mea.surement of the equilibrium conditions has thus been 
very simple, and, as a result, the literature contains many references to the 
reaction. The measurements have usually involved the d(‘termination of the 
density of the gas, and, as the method is one of (he most frequently used in 
studying equilibria in gas reaction.s in which the total number of moh'culcs 
changes, it may be considered in some detail. 

The density (gm. /liter) of any gas which obeys the gas laws is given by the 
equation 




MP 
RT ' 


(142) 


where M is the molecular weight and P the total pre.ssure. This density wo 
may call the theoretical density, d,. If dissociation occurs, the volume will 
increase in proportion to the increase in the total number of molecules, and 
since the total weight remains con.stant, (he density will decrease in the same 
proportion. In the case of one mol. NNtb, if a is the fraction dissociated, 1 — a 
will be the number of mols. of undissociated gas, and 2a will be the number of 
mols. of NO,. The total number of imtls. will be 1 + a, and the ob.scrved 
density will bear the relation to the theoretical dcn.sity 


do^ 1 
dt I + a 


( 143 ) 


Rearranging, we have 


dt — d( 
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The dissociation constant Kp is given by the equation 


P 2 

Kp = 


iM 

Ct:)' 


a‘‘P 

(T-T^) ' 


( 145 ) 


In this case the dissociation (a) varies, when the dissociation is small, 
inversely as the square root of the pressure. 

It should be noted that if a substance dissociates into N molecules instead 
of 2 as in the case above, equation (144) becomes 


dt ~~ do 
{N^-l)do ' 


(146) 


The values of Kp for the dissociation arc 0.0154 at 0° C. and 13.33 at 
100° C.; the variation with the temperature for this range is given by the 
equation 


InK 


13,600 41 T) ^ 

RT R ‘ 


(147) 


The Dissociation of Nitrogen Dioxide: At temperatures of 150° C. and more, 
nitrogen dioxide begins to be measurably dissociated into nitric oxide and 
oxygen, the reaction occurring according to equation (148), 

NO 2 = NO + JO 2 . (148) 


The value of the equilibrium constant is of some technical importance, as the 
reverse reaction occurs at one stage in the preparation of nitric acid from 
nitric oxide, formed either by oxidation of atmospheric nitrogen (see p. 324) 
or by oxidation of ammonia. The equilibrium constant has been measured by 
Bodenstein and Katayama {loc. ciL), and later by Bodenstein {loc. cit.), from 
careful determinations of the den.sity of the reaction mixture. The temper- 
ature range in the latter work was 220° C. to 550° C. Above 550° C., the 
measurements were made uncertain by partial decomposition of the nitric 
oxide into nitrogen and oxygen. The data of Bodenstein are well represented 
by the empirical equation 

5740 

InKp = - -b 1.75 InT - O.OOOoOT -b 2.839. (149) 


The equation employed by Lewis and Randall is 


, ^ 14,170 , 2.75bjT 

InKp 

RT R 


0.0028r 0.00000031 2.73 

R R R ' 


( 150 ) 


R 


R 
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The Ammonia Equilibrium: This «oti<,n has roooivo,! a larRc amount of 
attention because of its great importance for the commercial synthesis of 
ammonia, 

i\= + JH,= XH,. (1,51) 


The success which has attcmled this indu.sfrv is a striking examjilo of the value 
of the application of princij)los of physical chemistry to a technical problem. 
At first sight, the reaction would appear to be im])ossible as a source of com- 
mercial ammonia, for nitrogen and hydrogen do not combine at measurable 
rates at low temperatures. At temperatures at which the rate of reaction is 
appreciable, the percentage of ammonia at ecjuilibrium at atmospheric pressure 
is inappreciable. 

If we write the equation 


Kr 


U3 ^ 


(152) 


it is clear that the partial pressure of the ammonia at Cfiuilibrium will be in- 
creased by increasing the total pressure. This is brought f)ut by considering 
the special case in which hydrogen and nitrogen an' present in the ratio of 
1 : 3 (which gives the maximum per cent of XI I 3 possible at any givc’ii (emper- 
ature and pressure, as shown in a preceding section. If the volume fraction 
of ammonia present in the gas :it e(iuilibrium i.s denoted by a, and if is the 
total pressure, we may write ecjujition (l.) 2 ) ‘ 


= KI\ (153) 

(1 - ny 

When a is small compared A\ith unity, it varies almost directly with the 
total pressure. By operating at pressures of 30 atmospheres, Ilaberand his 
students (lou. cil.) were able to detf'rnime values of the equilibrium constant 
with considerable accuracy. Recent inv('stigations by lairson, and Larson 
and Dodge (lac. cit.), have included nn'asurements of the equilibrium constant 
up to 1000 atmospheres pre.ssure, under conditions in which the gas laws no 
longer hold. The.se data arc discussed further below. 

The variation of the equilibrium constant with the temperature may be 
expressed with fair accuracy by a simple efpiation, suggested by Haber, namely, 

InK, = - n.13-1. (154) 


From the data of Haber, and from consideration of the heat capacities of 
the reacting gase.s, Lewis and Ramlall {loc. cit.) propose the equation 


0.500 4.000/ T 0.0fi0575r , O.OOOOOOSoP , O.Gl 

= -RT R F” + R + 


(155) 


Tour, J. Ind. Eng. Chcm., 13, 29S (1921). 
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Larson and Dodge have also proposed empirical equations representing 
their own data at different pressures. Obviously, low temperatures and high 
pressure increase rapidly the proportion of ammonia at equilibrium, and the 
success of the industry of ammonia synthesis has been achieved by the develop- 
ment of catalysts which permit moderate temperatures of operation, and of 
apparatus for carrying out the reaction between 100 and 1000 atmospheres 
pressure. 

The Oxidation of Sulphur Dioxide: The equilibrium in this reaction 

SO2 ■+■ ^02 = SO3 (156) 


has been the subject of many careful investigations, particularly because of its 
bearing upon the ‘'contact” process for the manufacture of sulfuric acid. The 
experimental method has usually consisted in passing a mixture of sulfur 
dioxide and oxygen, alone or mixed with nitrogen, over a catalyst of finely 
divided platinum, and then analyzing the gases after rapid cooling. The 
earlier investigations of Knietsch ^ have been superseded by the more accurate 
work of Bodenstein and Pohl {loc, cit.), who carried out very careful determina- 
tions of the equilibrium with various mixtures of sulphur dioxide, oxygen and 
nitrogen, over a range of temperature of about 500° C. to 800° C. Their 
data show that the equilibrium constant corresponds to that required by the 
equation 




Pant 

PseXPif 


(157) 


where the variation of Kp with the temperature is expressed by the equation 
(Lewis and Randall, loc. cit.) 


InKp-- 


22,600 

RT 


22 . 36 ^ 
~ R 


(158) 


In technical practice, it is desired to bring about as completely as possible 
the oxidation of the sulphur dioxide, possible variables being the composition 
of the mixture, the temperature and the pressure. It is instructive to write 
equation (157) as follows: 

(.») 

where N refers to the total number of mols. of gas present, the subseript identi- 
fying the individual gases. The term on the left of the equation '(159) should 
have for commercial operation a value of the order of 50-100, which represents 
98 to 99 per cent efficiency of oxidation. Obviously, the ratio of SO3/SO2 will 
increase with increase in total pressure, but only proportional to the square 
root of the total pressure, so that a great gain in efficiency is not to be expected 
from pressure change. The effect of the excess oxygen Nq,, is also clear from 
» Knietsch, Ber., 34, 4069 (1901); Ber. V. Int. Kon. Angew. Chem., 1, 617 (1904). 
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equation (159). If Nq, should be extremely small, it might reduce the efficiency 
of oxidation considerably, but unless this is the case, changes in A'q,, do not 
alter appreciably the S0s/S02 ratio; for, an increase in A'o, also increases N, 
and the SOs/SO? ratio is proportional only to the square root of this ratio. 
If Hof is increased by adding air (essentially one O 2 to four N^), the ratio of 
NqJN may be decreased instead of increased, and the efficiency of oxidation 
affected unfavorably. Obviously, therefore, with a moderate excess of oxygen 
and at moderate pressures, the only way in which a high equilibrium value of 
the SO3/SO2 ratio may be obtained is by operating under temperature condi- 
tions for which Kp has a high value. Technically, the reaction is carried out 
so that the temperature of the gas issuing from the reaction system is about 
425® C. to 450° C., where A'„ has values of about 200 and 400 respectively. 

The Oxidation of Hydrogen Chloride: The oxidation of hydrochloric acid 
gas by oxygen which occurs readily at temperatures around 400° C. in the 
presence of cupric chloride as a catalyst has become an industry of importance 
for the commercial preparation of chlorine, l)y the Deacon process. 

hci + J02= + im 


Investigations by Lewis (loc. c/7.), von Falken, stein (he. c/7.), and others have 
shown that the condition of equilibrium corresj)oiu!s to that re/pured by the 

. ( 101 ) 




Pnci X PI 


In practice, mixtures of hydrochloric acid g/is and /dr are |)assed over the 
catalyst, and the undecomposed hydrogen chlori.le is absorbed by water. In 
considering the extent to which the hydrochloric acid may be oxidized, it is 
somewhat convenient to transform e/pnition (Hil). 

If we multiply numerator and denominator by /Vi,» rearrange, wc 

obtain „ 

^cit y X = Ku 
/ HCl ‘ Oj ‘ Vh 


( 102 ) 


If we consider 1 mol. of HC'I, and if / reiire.sents the fraction decomposed, 
the ratio PaJPuci becomes x/2(l - /)• If the initial gas mixture is dry, / c, 
= Pmo, and equation (102) may be written 

_£_^2A' f (103) 

(1 - J^) \ A' / 


The effect upon the efficiency of oxidation of changes in the pre.s.sure, and 
addition of oxygen or air, is clearly shown by this equation. 

The variation of Kp with the temperature is calculated by Lewis and 
Randall to follow the equation 


InKp 


6835 0.02 /// r __ 0.00085r 0.000000185^ __ 7^ 

‘W R P R R 


( 164 ) 
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Gaseous Reactions at High Pressures: The equation for the law of mass 
action (Equation 4) expressing the dynamic nature of equilibrium 

^ = K = ^ 

A% Aa X Ab 

may obviously be expected to be valid under conditions in which the gas laws 
are approximately obeyed. If the partial pressure of a gas differs markedly 
from the activity, it is not to be expected that the “constant’’ of equation (4) 
will be strictly independent of the initial proportions of the reacting substances, 
or of the total pressure. Most equilibria in gaseous systems have been meas- 
ured at fairly high temperatures and low pressures, where the gas laws are 
approximately valid for nearly all gases, but at least one equilibrium, that of 
the technically important reaction 

^N2 + iHo = NHj, (164) 

has been measured at quite high pressures, the recent measurements of Larson 
and of Larson and Dodge ‘ extending the range of experimental data to 1000 
atmospheres pressure. It is interesting to consider their data, some of which 
are given in Table III and Table IV. 

TABLE III 


Pkr Cknt of NHa m KQUiLinniUM with a 1 : .'L N 2 -H 2 Mixture 


Tempernture 

Prc.ssurcs in Atmosphoros 

® C. 









10 

30 

50 

100 

300 

GOO 

1000 

325 

10.38 







350 

7.35 

17.80 

25.11 





375 

5.25 

13. .35 

19.44 

30.95 




400 

3.S5 

10.09 

1.5.11 

24.91 




425 

2.S0 

7..59 

11.71 

20.23 




450 

2.04 

5 SO 

9.17 

10.36 

35.5 

53.0 

09.4 

475 

1.01 

4. .53 

7.13 

12.98 

31.0 

47 . .5 

03.5 

500 

1.20 

3.48 

5.58 

10.40 

20.2 

42 1 

— 


The extent of deviation of the reacting gases at the range of pressures and 
temperatures cannot be predicted from available data on equations of state, 
but it is reasonable to suppose that the deviation for hydrogen and nitrogen 
is comparatively small, while that for ammonia may be expected to be much 
larger. With increasing pressure and decreasing temperature not only will 
the deviation of all gases be greater but also the proportion of ammonia in 
the equilibrium mixture will increa.se. It is, therefore, to be expected that 
> J. Am. Chem. Soc., 45 . 2918 (192;i); 46 , 367 (1924). 
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TABLE IV 

Equilibrium Co.vstant 


Temperature 

Pie^Mue^ 111 AtiuospheK*., 

° C. 









10 

.30 

.50 

100 

300 

GOO 

1000 

a.’iO 

0.02GG 

0.0273 

0 0278 





37.5 

0.0181 

0 I)1.S4 

0 01. 8G 

0.0202 




400 

0.0129 

0.0129 

0 0130 

0 0137 




i‘2o 

0.00919 

0.00919 

0 009.12 

0 00987 




4.)0 

0.()0G.59 

0()0G7G 

0 00G90 

0 0072.') 

0 0088} 

0 01291 

0.02328 

47.j 

0.005 IG 

0 00515 

0 00.') 13 

0 oo.>.r2 

0 00071 

0 00895 

0.01 193 

500 

0.00.381 

0.003SG 

0.00388 

0 00102 

0 00198 

0.00G51 



the value for Kp will show a {^reafer variation with tin* i)r('>^ure at tin* lower 
temperature tluin at the higher tiMupt'ratun"'. This i^ Ixn-ne out by tlie data 
in Table IV, from which it ajijx'ars that Kp at 37.')° (' inen'asi's by aliont 10 
per cent in changing from 10 atmosjilu'n's to 100 atmo.sphenN, wliile at oOO® 
the variation is about one-half that vidiu' The \alue at lo0° ('. at 000 atnwts- 
pheres is nearly twice that at 10 atmo''ph(‘res, wlule at oOO'^ ('. tiie value at 
GOO atmospheres is about 1.7 tinu's that at 10 atmo'-plieres. The fact that 
the constant increases with increasing jircsMin* indicati's tliat the ratio of the 
partial pre.Nsure of ammonia to its actiMly, /\hi increa''('^ more rapidly 
with the pre.ssure than tlie corre.siiondiiig rati<»s foi nitrogen and hydrogen, as 
would be expected from tlie known erjiiation of state of ammonia at lower 
temperatures. The activity constant. A„, which mii''t lie imh'pimdent of tin* 
pre.ssure, is presumably more nearly givim by the \alu('^ of hp at the lower 
pressure.s. 

It would be expected that at the \('ry high l)re.^sures the vahu's of Kp w'ould 
also vary somewhat with the proportion^ ol nitrogen, hyilrogmi and ammonia 
in the equilibrium mixtures, but, since all of the expiTiments were carrieil out 
on a mixture of nitrogen and hydrogen in the ratio of 1 ; 3, tlie data do not 
permit this point to be decided. 

Homogexeou.s KQUiLiimn m in the Liquid Ph.ase 

One of the first experimental in\e^tigations of equilibrium was that of 
Berthelot and Pi^an de 8t. (lilies (lor. nt.) wlio carried out an extensive study 
of the reaction between acetic acid and ethyl alcohol, proved it to be reversible, 
and showed that their equilibrium data could be repre.>ented mathematically 
by the equation 

mols. ester X mols. water 
^ mols. acid X mols. alcohol ’ 
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which we recognize as identical with equation (38), remembering that the 
number of mols. of reactants and resultants are equal. Berthelot and P^an de 
St. Gilles mixed alcohol and acetic acid in varying proportions in sealed glass 
tubes, and heated the tubes at temperatures in the neighborhood of 200° C. 
until no further change in composition was brought about by further heating. 
They then analyzed the mixtures for acetic acid, and calculated the composition 
of the entire mixture from this measurement. If a represents the number of 
mols. of alcohol taken, 6 the number of mols. of acetic acid, and x the number of 
mols. of ester (or water) formed, their experiments show that at equilibrium 
the proportions of all constituents present are quite closely given by the 
equation 


K = 


x^ 

(a — x)(h - x) ’ 


(166) 


where K has the numerical value of 4.0. Table I gives the results of a series 
of experiments, showing the values of x determined experimentally, and those 
calculated from equation (166). The agreement is probably within the experi- 
mental error, and shows that for the system in question under the conditions 
of measurement, the activity of the reacting species is approximately propor- 
tional to the mol. fraction. 


TABLE VI 


Mols. 

Mols. 

Mols. 1 

Mots. 

Acetic Acid 

Alcohol 

Ester Formed 

E.stcr 

Taken 

Taken 

X 

Calculated 

a 

b 

(Found) 

X 

1.0 

0.05 

0.05 

0.049 

1.0 

0.18 

0.171 

0.171 

1.0 

o.;i.3 

0.293 

0.301 

1.0 

O..^ 

0.414 

0.423 

1.0 

1.00 

0.667 * 

0.667 

1.0 

2.00 

0.858 

0.850 

1.0 

8(K) 

0.960 

0.970 


Berthelot and P^^an de St. Gilles found the value of the equilibrium constant 
to be practically independent of the temperature, a fact confirmed by later 
investigators,® and in accord with the known fact that the heat of reaction must 
be very close to zero, as shown indirectly by consideration of the heats of com- 
bustion of alcohol, acetic acid, and ethyl acetate. 

The equilibrium constants for esterification reactions have been measured 
perhaps more frequently than is the ca.se for any other type of reaction in 
liquid systems (excluding ionic equilibria), and the literature contains values 
for the equilibrium constants for the reactions between nearly all of the common 

* Recalculated by van’t Hoff, Ber., 10 , 669 (1877), 

* Used in obtaining the value for K, 

* Miss Tobin, Dissertation, Bryn Mawr College (1917). 
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acids and alcohols.* One or two cases are of special interest in illustrating the 
application of the mass law. 

. It has been shown by Menschutkin that e.'^ters of tertiary alcohols decompose 
usually into acid and unsaturated hydrocarbon, and the equilibrium conditions 
for such reactions have been studied by Konowalow,’'aiid by Nernst and 
Hohmann.* The latter authors measured the equilibrium of the reaction be- 
tween amylene and the chlorinated acetic acids, their results on trichloracetic 
acid at 100° C. being characteristic. The reaction proceeds according to the 
equation 

CCI 3 COOH + CsH.o = m, ('OOCfillu, (107) 

and we may write for it the mass law expression: 


Kx = 


A' ester 

A'’ acid X A amylene 


(168) 


If 1.0 mol. of acid is mi.xed with a mols. of amylene, and if .r represents the 
mols. of ester formed when the reaction has reached ecpiilibrium, we may write 
equation (168) as 


A'x 


(a - .r)(l -7) ’ 


(160) 


where N represents the total number of mols. Table VI contains a comparison 
of the values for j found ex|)erimentally for several values of a, and also those 
calculated from the mean value of the eciuilibrium constant. 


T.VHLK VI 


Kgi-n.iHKie.M 1 )\tv 

((•('IjCOOH + ('iHio - ('(’!.( '(KK’jlIii) 


Mols. 

a 

Moh. 

(X’bCOOIl 

.MoIh. 

Eht<*r 

X 

(Found) 

MoIh. 

Kstor 

X 

(f 'alculutod) 

2.15 

1.0 

0 762 

0 762 

4.12 

1.0 

0.814 

0 821 

4.48 

1.0 

0 820 

0.826 

6.63 

1.0 

0.838 

0.8-14 

6.80 

1.0 

0.839 

0.845 

7.13 

1.0 

().8.^),'> 

0.846 


It is clear that there is very fair agreement between the observed and 
calculated values. 

'Menschutkin, Ann. Chtm. Phys , (.31 20. 227 (IShO), 23, 14 (1881); 30, 81 (1883). 

*Z. phyB%k. Chetn., 1, 63 (1887); 2, 6, 380 (1888;. 

* Z. phyaik. Chcm., II, 352 (1893). 


* 
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A comparison of these data with those on p. 334 for the reaction betweei 
acetic acid and ethyl alcohol brings out an interesting difference in behavior. 
In the latter case the mols. of ester present at equilibrium increase rapidly with 
increasing mols, of alcohol added, and approach unity as the number of mols. 
of alcohol becomes large. In the case of the reaction between amylene and 
acid, tlie number of mols. of ester changes very slowly with an increase in the 
number of mols. of amylene. The reason is clear from comparison of equations 
(no) and (169). In equation (169) an increase in a produces an increase in N, 
and therefore x is much less affected than in the case of equation (166). In 
fact it can be shown that a might be made to approach infinity without in- 
creasing the value of x to more than about 0.88, provided equation (169) is 
valid over the entire range of concentrations. 

The Effect of the Solvent: Many reactions in licjuid media are carried out 
in the presence of a large excess of some indifferent constituent called the 
solvent. Tlie theoretical implications of the addition of indifferent substances 
to equilibria have already been discussed, but the case of the solvent deserves 
particular consideration, as many experimental data are available upon 
equilibria in reactions in different media. 

If we consider equations (106) and (107) and neglect the total pressure, 
we have 


AV X Nr/ 
Ny^ X Nb^ 




(170) 


and 


X i Vx) 
V' X AV 


6-c-rf) 


(171) 


From these e(iuations it is clear that so long as the activity is equal to or 
proportional to the mol. fraction or the molecular concentration, addition of a 
solvent (which affects N and V) will be entirely without effect upon any 
equilibrium in which a + /) == c -f d. Berthelot and P^aii de St. Gilles found 
this to be the case for the reaction between acetic acid and alcohol, using 
acetone as a solvent. If a + is not equal to c + d, the equilibrium concentra- 
tions will vary with the amount of solvent in accordance with etiuations (170) 
and (171), the equilibrium constants being unaffected. However, it frequently 
happens that the solvent may exerci^c a very marked influence upon the 
activity of some one or more of the reacting species, so that the relation between 
the mol. fraction and the activity no longer exists, and equations (170) and 

(171) are not valid. If the influence is sufficiently definite, we may, however, 
substitute another equilibrium equation. Thus, some reacting species may 
exist in a different molecular state in different solvents. Let us consider the 
general reaction 

(172) 


A 


«.4 -b = cC + dD, 



HOMOGEXEOUS EQUILIBRIA 


337 


for which in the absence of a solvent or in the presence of a really indifTeront 
solvent we may write 


A'r'^ X Xi/ 
A’r X A^" ' 


(173) 


Let us consider this reaction carried out in a M)lvent in uliich the substance A 
exists almost entirely in the form of double molecules. For the ('(luilibrium 
between single and double molecules we ha\e th(‘ rel.ition 


K = 



(174) 


Now if A'.t is very small as compared with .V, jj), that i'', if nearly all of .1 is in 
the form of (A 2 ), 've may write 


A'.t 



(17.)) 


where A t represents the total number of mol>. of J, calculatial without r(’gard 
to the molecular condition of .1. If we sul)stitut<' the value of .Vi in eiiuation 
(173), we obtain 


X W • • 

XX,/'- 


(17()) 


where A'( 1 ,) has the value of — - • We might have obtaimal this same (siua- 
tion liy neglecting the .single molecules of .1 cntin'lv, and writing tlu' ivaction 


Li(.l..) + 1>B =•■ er -f- d/) •••, (177) 


for which the mass law ecpiation wauild be 

^ AV^ X A',/-- - ^ 
A'(,/-’ X A',/' 


(I7S) 


I'hiuations (176) and (17S) are evidently identical 

An examiile of a case of this type is gi\eii by the experiments of Nernst and 
Ilohmann (lac. cit.) uj)on the esterdicatioii of ainyh’iu' dissolved in lauizeiie. 
The normal reaction of amylene and trichloracetic acid in tin* absmice of a 
solvent proceeds according to e<iuation (16)7), and (he etiuilibrium relations 
are expressed by equations (16S) and (166). In benzene solution, (he acid 
exists almost entirely as double molecules, while the other substances Ixdiave 
normally. 

If w'e mix together a mol.s. of amylene with 1.0 mol. of trichloracetic acid, 
and bring the mixture to equilibrium in benzene solution, we find the eipii- 
librium no longer expres.sed by equation (16!)), but by the equation 


i-A'*'* 

(7”- x)!! -^)'/'^’ 


(179) 


12 
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where A’/ has evidently a different numerical value from that of in eqim 

tion ( 160 ). 

The actual equilibrium condition for a given reaction may obviously vary 
greatly with the nature of the solvent in which the reaction takes place, par- 
ticularly if a marked difference exists in the molecular condition of the reacting 
species in the two solvents. 

A very similar relation holds for reactions which may occur in the gaseous 
phase as well as in the liquid phase. Thus it has been shown that the equi- 
librium constant for the reaction between acetic acid and alcohol is very dif- 
ferent in numerical value for the gaseous reaction from the value obtained for 
the reaction in the liquid phase.^ 

Mathematical Treatment of Equilibrium Data 

When the equilibrium constant for a reaction has been determined, the 
calculation of the extent to which the reaction may proceed at that temper- 
ature, for different mixtures of the reacting constituents, is, in general, obvious. 
Examples have been touched upon in the preceding sections. The use of 
equations (70) and (79) and of the enipirical equations representing the equi- 
librium constant as a function of temperature also necessitates no particular 
emphasis. The indirect calculation of equilibrium conditions, from considera- 
tion of the free energy decrease involved in the formation of chemical com- 
pounds, has such important possibilities that some further di.^cussion seems 
justified. 

The free energy increase accompanying a chemical reaction is ordinarily 
measurable by one of three methods, as indicated previously in an earlier 
section. It is related to the equilibrium constant by the equation 

AE = - liTlnKa. (180) 

It is related to the electromotive force of a reversible cell, in which the 
chemical reaction in question occurs through the operation of the cell, by the 
equation 

AE = - NFE (181) 

(N is the number of faradays (F), equivalent to the reaction; E, the elec- 
tromotive force). 

It is related to the heat of reaction and the entropy change by the equation 
AE - A// = ~ m, (182) 

where A8 is the increase in entropy. 

Now the increase in free energy is a quantity determined by the initial 
and final states of the system, and therefore, when we write an equation ex- 
pressing some definite change of state, the free energy increase accompanying 
the change is thereby fixed, whether or not it may be experimentally possible 
to carry out the reaction in question experimentally. Just as in thermo- 

* Edgar and Schuyler, J. Am. Chem, Soc., 46 , 64 (1924). 
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chemistry we can combine equations for the calculation of the heat of reactions, 
80 we may combine equations for the calculation of free energy increase, and, 
from it, equilibrium data. For a complete study of this subject, reference 
ehould be made to Lewis and Randall’s Thermodynamics and Chemistry, 
which contains a systematic tabulation of free energy data, but certain ex- 
amples will be given from their calculatiftn.s to illustrate the method employed. 
It is, of course, immaterial whether the reactions in question are homogeneous 
or heterogeneous. 

The reaction 

Ho + = ILO 

must be vTitten to correspond to some definite change of state in order to fix 
the free energy increase. Since tlie temperature of 25° C. is one at which 
many experimental data are available, and since atmospheric pressure is the 
usual experimental condition, we may write the reaction 

Ho (1 atm.) + 2O2 (1 atm.) = H-O (gas, 1 atm.). (1S3) 

Let us consider the calculation of the free energy increase of the reaction 
at25°C. . ^ 

(a) Direct determinations of the e(|uilil)rium constant for the reaction 
have been made at high temperatures, as pointed out in a pri'vious section. 
From the mean results of these data, and from the heat of reaction and the 
heat capacitie.s of the reacting constituents, it is po.ssible to calculate, through 
equation (80), the free energy change at 25° (’.. although the (‘xtrapolation is 
over a very wide temperature range, which will magnify the error in any of the 
quantitie.s involved. The result of such a calculation gives 

AF05.C, = - 51,51)0 cal. 

(b) We may write the following scries of equations, which added together 
give reaction (183): 


(1) 

2Ag + H)2 = 

Ag^O, 

(2) 

Ag>0 + Ild),/) = 

2Ag+ + 201I-, 

(3) 

2Ag^ + 2(r) = 

2Ag, 

(4) 

ID = 

2H+ +2(c), 

(5) 

2ir + 2011 = 

211.A)(/), 

(6) 

IWa) = 

1 IjOijjm), 


The free energy change for the first reaction has been determined by direct 
mea.surement of the equilibrium, over the temperature range of 300° C. to 
500° C. From the equilibrium constant it is possible to determine the free 
energy increase, and through equation (80), the value at 25° C. may be calcu- 
lated. The value thus obtained is AF = - 2395 cal. 

The free energy increase at 25° C. of reaction 2 is calculable directly through 
the equilibrium constant, for the solubility of Ag20 has been measured at this 
temperature. The value thus obtained is AF = 21,040 cal. 

The sum of the free energy increases (3) and (4) may be obtained at 25° C. 
from measurements of the electromotive force of the cell, Ag/AgCl/HCI/Hj, 
and is AF = — 36,896 cal. 



340 


A TREATISE ON PHYSICAL CHEMISTRY 


The free energy increase of reaction (5) is calculable in a number of ways, 
for example, from the ionization constant of liquid water, as determined from 
conductivity measurements, or from the electromotive force of “acid-alkali” 
cells. The best data give AFoa.c, = ~ 38,210 cal. 

The free energy increase for reaction (6) is given from the equilibrium 
constaFit fvajFor pre.ssure) for the vaporization of water. At 25° C, we have 
AF = 2053 cal. 

(Combining reactions 1- 6, we have for reaction 183, AF25»c = “ 2395 
-b 21,040 - 30,890 - 38,210 + 2053 = - 54,408 cal. 

{(') Equation (183) may also beobtained bycombining the following reactions: 

(1) Hgd) + io, = IfgO, 

(2) li, + HgO = Ilg(l) -f H.,0(1), 

(3) HA)(1) = U,iX,^y 

The eciuilibrium constant for the first reaction has been determined by 
direct measurement, at the boiling poi?it of mercury, and, by extrapolation 
through eciuation (80), we obtain at 25°, AF == — 13,780 cal. 

From measurements of the electromotive force of the cell, 

Hg/HgO(3)/K()Ih,,,/H,, 

the free energy increase at 25° C. of reaction (2) may be calculated to be 
AF = - 42,752. 

Combining the.se values with that of (3) determined above, we have for 
reaction (183), AF 25 U' — ~ 13,780 — 42,752 + 2052 = - 54,485 cal. 

(d) Equation (183) may also be obtained by combining 

(1) H, + (3, = 2H(’I,,,„ 

(2) 211(3, „ + 10, = -b CE, 

(3) 21I(3(,,)=: 211(3,,, 

The free energy increase for reaction (1) may be calculated from measure- 
ment of the electromotive force of various cells, and is ^^25.0 = ~ 02,734 cal. 

The free energy increase for reaction (2) may be calculated from direct 
measurements of the equilibrium constant for the reaction, which by extra- 
polation to 25° ('. give AF25<.(> = - 9120 cal. 

The free energy increa.se for reaction (3) may be obtained from equilibrium 
(vapor pre.ssure) measurements of hydrochloric acid solutions: 

= + 17,350 cal. 

Combining these data, we obtain for reaction (183), 

= - <12,734 - 9120 + 17,350 = - 54,504 cal. 

Finally, it is possible, through the third law of thermodynamics (see Chapter 
XVII), to calculate the free energy increase for reaction (183) from the entropies 
of hydrogen, oxygen and water, employing equation (182). The entropy 
change for the reaction, AS, is equal to ~ S^t — ^*801- The entropies 
of hydrogen and oxygen are known with a fair degree of certainty from measure- 
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ments of the heat capacities of these suhstances at very low temperatures, and 
from theoretical considerations. The entropy of liquid water, from heat 
capacity data alone, is known only approximately,’ hut it may serve for a 
rough calculation, merely to illustrate the method of calculation. The best 
values, at 25° C., are 

.S\i, = 20.11 cal. degree, 

'Siiod) ih.s 

AS, therefore, for tlu‘ formation (d licpiid water at 25° (' = -f Ui S - 20.44 
— 24.0 = — 30.04 cal. dc'gree. 

For the heat of reaction at 25° ('., MI ~ - OS, 270 cal , ^\h(‘nce, by ecpia- 
tion (1S2), 

M' - MI = - TAS, 

— ~ *>7,301 cal. 

C’ombining this value with the frei' ejt(‘rgy (d \apon/,ation (AF ~ 2035), 
W’c obtain for eciuation (1S3), AF = — 55.31S cal. 

It has thus been )) 0 '>sible to calculate tin* free eni'rgy ch:nige for tin' forma- 
tion of one mol. of ga-'C'ous wat(‘r from its elements at 25° ('. and atmospheric 
j)r(‘ssur(' by five nudhods, invohing a wid<‘ ratig(‘ (d ('xperinieiital method and 
data from a variety of sources. Tin* results may lx* n'peated as follows: 


(^0 

AF = 

- 51, .■)!)() cal.. 

(/>) 

AF = 

- 54, lOS '' , 

(c) 

AF = 

- 54,4S5 ‘‘ , 

(<l) 

AF = 

- 51,. 501 “ , 

(e) 

AF = 

- 55,31S “ . 


If the mean of these values, or i)nderably the most probabh' valu(‘ based 
upon the certainty with which the jiarticular experimental data an* Known, 
be taken, and combine<l with the \alues f<u- the h(‘at of the reaction and the 
heat capacities of liydrogeii, oxygen ainl water, we may by ecpiation (SO) 
express AF as a function of temperatun' (see Chapter II) which will permit 
the calculation of the eciuilibrium constant ami hence the ('((uililirium con- 
centrations for any desinal conditions (d teni|)erature, pressure, or i)r()portion,s 
or reactants. 

This reactifui has been discussed at huigth because' it illustrates extremely 
well the value of an exact knowledge (d the free energy change in reactions, 
and the methods by which equilibrium calculations may be made through a 
study of these free energy increases. If the free energy increase of formation 
(d all chemical compound.s were available, it would be jiossible, theoretically, 
to calculate the equilibrium constants for any reaction which one might choose 
to write, whether or not such reaction were experimentally feasible. It is 
all too frequently true that experimental data are unavailabh; or uncertain in 
particular cases. This only emphasizes the need for systematic investigations 
in this direction, and for an exact understanding of the factors involved in 
chemical equilibrium. 

* Lewis and Gibwjn, J. Am. Chf^m. Soc., 39, 2.554 (l!il7). 




CHAPTER IX 

HETEROGENEOUS EQUILIBRIUM 
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Any system composetl of two or more j)hases may l)e the seat of hetero- 
geneous equilibria as well as of homogeneous eijuilibria. Where the chemical 
or physical reactions which have reached a condition of equilibrium are wholly 
confined to a single phase, the equilibrium is reganled as homogeneous; such 
would be the equilibrium between the dissolved molecules of sodium chloride 
and the ions which they form. When however the reactions which occur 
involve a movement of molecules from one phase to another, the e(]uilibrium 
attained is spoken of as heterogeneous; such equilibria exist for (‘xample in the 
evaporation and condensation of w’ater, or in the dissolving and precij)itation 
of a solid salt in water. 

It is quite obvious that heterogeneous equilibria can not be more simple 
than those occurring in liomogeneous systems; indeed, they may fnapiently 
be much more complex. In many cases the ecpiilibria are greatly affected by 
the surface conditions at the interface between the ])hases; such cases are 
dealt with in the chapter on colloid chemistry. In the jiresent chapter the 
discussion will be restricted to those cases of heterogeneous equilibria in which 
only temperature, pressure and ecmcentratioii are effectual influ'uices. For 
these cases there are known two fundamental principles which are sufhci(‘nt 
for systematizing practically all the phenomena; these principles an* known 
as the Distribution Law and the Phase Rule. The former of these, which 
will be studied first, is quantitative in nature and, within certain limits, is of 
very great value in defining lieterogeneous ecjuilibria; the latter and broader 
principle will be .studied at a later point m the chapter. 

THE DLSTRIBUTIOM LAW 

The distribution law expres.ses a mathematically constant ratio bcitween tlie 
concentrations of a given molecular species in any two phases of a systmn at 
constant temperature. It expresses the ratio equally well whatever possible 
combination of gaseous, liquid or .solid phases is under observation. It has 
however required a long period of time for this entirely generaKorm of the 
law to be recognized; initially only special combinations of phases were known 
to fall within its scope. The first statement of the law, covering only the 
equilibrium between a gas and its solution in a liquid, was made by William 
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Henry/ and is commonly referred to as Henry’s law. At a later date, Berthelot 
and JuiiKfleisch ^ studied the partition of iodine between carbon disulphide and 
water, and stated the applicability of the principle to the distribution of a 
dissolved body between two liquid phases. Nernst,* studying distribution in 
systems of the same type (liquid-liquid), added the important restriction that 
a constancy in the distribution ratio can exist only between those molecules 
of the distributed substance which arc in the same condition in both phases, 
pointing out that no immediate equilibrium and hence no immediate distribu- 
tion can occur between simple molecules in one phase and associated molecules 
in a second phase, or between simple molecules and their dissociation products 
in different phases. 

Distribution in the System Gas-Liquid 

The equilibrium existing between a gas and its solution in a liquid is found 
to follow the law of Henry, who was the first to observe the simple relationship 
which exists. Henry’s law may be stated as follows: the mass of a gas ab- 
sorbed or dissolved by a given volume of a liquid is proportional to the pressure 
of the gas, at constant temperature. A simple algebraic statement of the 
law takes the form 



wlierc m is the mass absorbed and p the pressure of the gas. This equation is 
easily clianged so as to show the volume of the gas absorbed instead of its mass. 
The mass is proportional to the volume, by Avogadro’s hypothesis, and is 
likewise })roportional to the pressure, by Boyle’s law; i.e., m = pvK'. If this 
value be substituted for m in the first equation, it becomes 



that is, the volume of gas absorbed is independent of the pressure. Still a 
third form may be derived fnmi the first; if mass m of the gas be absorbed in 
unit volume of the liquid, the amount present constitutes the concentration 
in the liquid phase and may be written C-.; in the gaseous phase the concentra- 
tion Cl is proportional to the pressure; introducing these values for m and p 
in the equation and inverting, 



This is the most generalized expression for Henry’s law, and is likewise a direct 
algebraic statement of the distribution law, namely, that the concentrations of 

‘ Phd. Tnms, (IHU.3): Gilbert’s Annahn, 20. 147 (1805). 

* Berthelot anti Jungfleisch, .4««. cliim. phys., (4) 26, 396 (1S72). 

* Nernst, Z. physik. Chem., 8, 110 (1801). 
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any single molecular species in hco phases at equilibrium bear a constant ratio 
to each other, the temperature remaining constant. 

Henrj ’s law may be predicted qualitatively from the fheort'm of Cliatolier, which is 
of the broadest applicability. AccordiuK to this theorem a system at etiuilibrium. if subjected 
to a stress, will undergo a change of equilibrium tending to rcnluce the intensity of the stress. 
Obviously the pressure exerted upon a gas will Ik‘ reduced by any change which n'duces the 
volume. Since the solution of a ga.s always produces a riHluction in the total volume of a 
system, it follows that an increased solubility of gas will result from an increase of pressure, 
which is a (jualitativc statement of Henry’s law. 

One of the early applications of Henry’s law was made by Dalton ' in the experimenlalion 
on which his well-known law of partial pressures is Ini.sed. Dalton dcMluced from his exjieri- 
ments that in a mixture of gases the ab.sorption of each by a Inpiid is proportional to its ow'n 
pressure, and not to the total pres.sure It is thus shown that Henry’s law applii's to each 
component of a mixture of gases as well as to a single ga.N. 

The experiments of Hunsen * subjected the law of Henr> to a fairly rigorous test . Bunsen 
determined the weight of carlion dioxide gas di.ssolved |)\ a fi.xed <juantity of water at a number 
of pre.ssures, all le.ss than one atmo.sphere. In 'rable I. which includes some of Bunsen’s 
results, the column headed P gi\es the experimental pres.sures in meters of mercury and y 
the weight of gas di.ssolved by a fixed volume of water. 


TABLE I 

Soi.rini.iTv OF (’()} IN Watku 


Temperature 

No. 

P 

a 

PI Pi 

fl (Jl 


1 

0 72.'):) 

(>i 





2 

():)2i.-» 

•27 21 

1.3S 

1.12 


3 

0 TilM 

27 OS 

1 30 

1 13 


4 

0.')231 

27 2S 

1.30 

1 12 

3 2° 

1 

0.:i214 

31 n 

— 

- 

“ 

2 

u.(;4(»7 

3s (>(> 

OSlOO 

0 sijr) 


3 

0 (>170 

3S 10 

OSlOO 

osioi 


'raking the results at a fi.xed temperature, as at lit*)” (' , the pressures of exi)i'nmenls 2, d 
anti 4 are comijart'd with thosi' of exi»enment 1, giving the ratio P.P], and in like manner 
the ratio y gi is that of tht* weights absorlied Strict comjdiance with Hemv’s law woiihl 
require that the ratios haxe the samt* value, the agreement is not perfect, but withiti the 
jirobablc experimental error. Further experiments |)\ Bunsen, b\' Khamkow and Lugaiiin,* 
and by others, < together with the early work of Henr\ atul of Dalton, have established that, for 
moderate jiressures, the law of Henry holds with at most stmill variation. 

Notwithstanding tiii.s satisfactory condition, there h.ave been niinierous 
ca.ses where experimental results and the retiuinunents of HtMiry’s law diverge 
greatly. The.se deviations fall into two jirineipal cla.sst'.s. Many of the 
apparent discrepancies are due to the afiplieation of the law without reference 
to the important restrictions pointed out liy Nernst (toe. cil.), and can be 
brought into harmony by comparatively simple mathematical correction; 

‘ Afcmoirs Literary aiui Phil. Soc. of Manchextir, I, IKO.!, Gilhcrt's Annnlen, 28, 'i\)7 (IHOS), 

* Bunsen. Ann., 93, 1 (1855). 

* Ann. chnn. phys., (4) 11, 412 (1.S07;. 

< Ostwald, Lehrhuch, I. 620 (Leipzig, 1002). 
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other cases appear to be due to the condition of high concentration and indicate 
that Henry’s law, like other gas laws, is strictly applicable only to ideally 
dilute gases and fails to represent the facts when the concentrations become 
large. Each of these types of deviation is worth careful study. 

The fact that the unmodified law of Henry could not properly be applied 
to cases where chemical action occurs between the gas and liquid was recognized 
by Bunsen {loc. cii.) and was doubtless in the mind of all careful workers in 
the field. It remained for Nernst {loc. cil.) to state in more precise terms what 
was hinted at in the vaguely used phrase, chemical action; and although 
Nernst’s argument was developed for systems of two liquids, it applies just as 
logically where the gaseous phase is concerned. Nernst shows that we cannot 
logically think of a substance as distributed between two phases if its molecular 
condition in the two phases is different; for example, double molecules, formed 
by association in one phase, cannot be in immediate equilibrium with un- 
associated molecules in a second phase. If however the associated molecules 
in the first phase undergo reversible dissociation so that an equilibrium between 
associated and unassociated molecules exi.sts in that phase, then an equilibrium 
will exist between the unassociated molecules in the two phases. The constant 
ratio of concentrations should be found, therefore, not between the total con- 
centrations in the two phases, but between the concentrations of that molecular 
species which is common to both phases. Such an equilibrium can be illustrated 
by the following scheme, in which xij represents the simple molecules and {xy)n 
the associated molecules: 

gaseous phase: xy 

II 

liquid phase: H'xy (x*y)n. 

If the substance in the liquid phase undergoes direct combination with the 
solvent, which will be represented by 5, the diagram becomes 

gaseous phase: xy 

II 

liquid phase: ary + n5 xy’iiS. 

A further possibility is that of dissociation, either electrolytic or non-elec- 
trolytic : 

gaseous phase: xy 

1' * - 
liquid phase: xy -^x A- y. 

In addition to these three possibilities, cases will frequently occur in which 
any two or even three of these equilibria are met in the liquid phase. It is 
clear that if Henry’s law is to be evaluated for any such instances, the constants 
for these homogeneous equilibria must be known, so that the true concentration 
of the distributed substance in each phase may be calculated from the total 
concentration present. 
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The case in which combination occurs between tlie distributed substance 
and the solvent, as indicated in the second scheme above, is actually freer 
from complications than might appear. In such an instance, Henry’s law is 
applied to the distribution equilibrium and the mass law is applied to the 
reaction occurring in the liquid phase between the distributed molecules and 
the solvent. If now 

C 1 = concentration of distributed molecules in the gaseous phase, 

Ci = concentration of distributed molecules in the liquid phase, 

C, = concentration of solvent molecules, 

Cc = concentration of compound molecules, 

the two laws may be written as follows: 

= K (Henry’s law); (1) 

Cl 


c , X {C,Y 

Cc 


— A'l (law of mass action). 


( 2 ) 


The concentration of solvent molecules (\ is very large and does not vary 
appreciably in dilute solution; (C,)” may therefore be written as a constant 
and the law of mass action becomes 


(\ 

Cc 


lU 


(3) 


Combining equations (1) and (3), the complete equation becomes 


C, 

Ci + Cc 




(4) 


It is thus shown that Henry’s law may be tested according to ecpiation (4), in 
which the sum C 2 + Cc is the total concentration of the gas in the liquid phase 
as it would be ordinarily determined by analysis. Tlie occurrence of com- 
pound formation therefore will have no influence upon Henry’s law except to 
change the numerical value of the constant. 

The case is quite different however if association or dissociation occur; 
it then becomes necessary to take the extent of these changes into account. 

* The algebraic derivation is as follows; by inversion of equation (3), 

£r __1_, 

Cl " A * ' 

whence 

C* + Cl 1 -f- A'l 

Cl ” Ai 

divided into equation (1), 

Cl AA, 
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The algebraical treatment again is based upon the use of the mass law to ex- 
press the degree of dissociation or association. Let C now stand for the total 
concentration in the liquid phase as analytically determined, and a stand for 
the degree of dissociation; then the mass law expression will be, for a binary 
electrolyte, 


. {CaY 

C{1 - a) 


Ca^ 

1 — a 


= K 


mt 


whence 


a = 


- K„ + ^KJ + 4K„C 
2C 


Writing Henry’s law in the same terms as before, and remembering that 
Ci, the concentration of undissociated molecules in the liquid phase, is equal 
to the fraction (1 — a) of the total concentration C, 

= . 

C 2 C(1 - a) 2C + Km - -^Km^ -f ‘^KmC 

Henry’s law may therefore be tested for a compound which undergoes dis- 
sociation (electrolytic or non-elcctrolytic) by analysis of the gaseous and liquid 
phase, if the dissociation constant Km is also known and the total concentra- 
tions in the two phases, C and Ci, be determined. 

Tho solubility of ammonia in water may bo studied according to this method. The 
equilibria here are as follows: 

gaseous phase: NHj 

II . - 

li<iui(l Dhaae: NHj + HjO NH.OH = NH, + Oil. 

Hero the formation of the compound NHiOH i.s without effect on the form of the equations, 
as shown above, and the dissociation constant is known. Calingaert and Huggins ^ have 
tested dilute solution.s of ammonia from a concentration of 1.25 gms. to .005 gm. per liter 
at 100°. Tho column headed C in Table II gives the total concentration in the liquid phase, 
in gms. per liter of .solution, the column CijC the experimentally found ratio in the two 
phases, 1 — a the undi.ssociated fraction of the ammonium hytiroxide in the liquid phase, 
and k tho constant for Henry's taw, obtained by the equation k - Ci/C(l — a). 


TABLE II 


Ammonia and W\tek at 100° 


c 

c 

1 - a 

/. _ 

C(l-a) 

1.250 

12.92 

0.987 

13.1 

0.033 

12.07 

0.981 

12.9 

0.305 

12.44 

0.973 

12.S 

0.14S 

12.13 

0.90,3 

12.6 

0.03S0 

12.00 

0.920 

13.0 

0.0190 

11.83 

0.890 

13.2 

0.0107 

11.53 

0.804 

13.3 

0.0040 

11.05 

0.800 

13.6 


1 J. Am. Chem. Soc., 45 , 915 (1923). 
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It is apparent that, when the dissociation is iKnored. ns in c«)lumn 2, the quotient shows a 
rcRularly diminishing value, but, when the correction for dissociation is introducetl. as in 
column 4, there is a satisfactory constancy. The solutions are all, it will be noted, very 
dilute, and the gas pressure correspondingly low. 

^\ hen the gas pre.'^sures used are largo, deviations from Henry's law are 
found which cannot be compensated for by assuming polymerization or dis- 
sociation. Deviations of this sort were noted by Roscoe and Ditmar * and by 
Sims.* When the pressures are no larger than one or two atmospheres, varia- 
tions of considerable magnitude api)ear. The variation was found to be de- 
pendent also on the temperature; 
thus, at 0°, the .solubility of ammonia 
in water fails to follow the law, while 
at higher temperatures a much cIosit 
approximation to the law is obtained. 

Although the correction for electroly- 
tic dissociation of the ammonia has 
not been applied here, such a correc- 
tion would have no important effect, 
as the dissociation is extremely sm;dl 
at these concentrations. The results 
are shown graphically in Fig. 1. The 
straight line in each case gives the 
ideal curve; its slope is fixed by the 
position of the point h, which is taken 
from the observed data at 70 cm. 

I)ressure. At 0°, the curve for tlu* .absorplion of ammonia shows that the 
absorption is greater than calculated by the law wlnm the pn^ssurc's are low, 
but is less than the reciuirement at higher pressures. The isothermal curves at 
20°, 40° and 100° indicate that as the temperatun* rises (he absorption aj)- 
I)roaches more nearly the theoretical, the pressure's still be'ing low. 

Extensive cxpcrimentaluui by Sunder^ has .shown still greater deviations from the law 
when the pressure'^ an? high. The al»sor|»lion of (•.•irbon dioxide in water, aleohol.s, etlu'r, 
arornatii- h.Ndroeailion.s and other organic M)l\ents |c<| to the following eoneliiMons. The 
solubility of earlxm dioxide at jiressures of 20 to 110 kg. jx'r .s(|uare oentimeler v.'irieH from 
Henry’s law at low temperatures, but apjiroaehes the recpiired values at higher temperatures, 
at 100° the solubility i.s proiiortional to the' pressun' within the experimental error. With 
respect to the extent of deviation at low temperatures, it is le.ss in water, and greater in all 
the organic .solvents; ihi.s eoiiipari.son makes it clear that the deviations are not caused by 
electrolytic dis.sociation whether or not as.socia(ion plays a jiart. As a correction of interest, 
it is found that a closer apjiroximation to Henry's huv is founcl if the weight of absorbed gas 
is referred to the volume of the .solution rather than to that of the inirc solvent. 

The above variations observed by Sander occur when the concentration in the gaw?ouH 
pha.se is very high, under which condition the general equation of state for a gas, FV =>= RT, 
i.s likewise known to fail. The que.stion arises whether high concentrations in the liquid 

1 Roscoe and Ditmar, Ann., 112, 349 (IKW). 

* Ann., 118 , 34.5 (1861). 

* Sander, Z. physik. Chem., 78. .513 (1912). 
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phase bring about a Bimilar result The experiments of Sackur^ appear to answer that 
question in the negative, at least for the gas carbon dioxide in several organic liquids. Sackur 
selected methyl alcohol, ethyl alcohol, acetone, methyl acetate and ethyl acetate for solvents 
at very low temperatures, under which conditions the solubility is very high while the vapor 
pressure of the gas is low. The results of his experiments are given in part in Table III. 
The figures under P represent the pressure of the ga.seous phase in mm. of mercury, those 
under K the constant for Henry’s law, but with the terms in such order that the ratio is that 
of the concentration in the liquid phase to that in the gaseous phase. 

TABLE III 

Solubility of Carbon Dioxide in Methyl Alcohol 


P jP: at - 78° Kat - 59° 

50 120.5 ~ 

100 119.6 42.5 

200 120.1 42.7 

400 122.2 43.1 

700 126.8 — 

740 — 43.3 


The values of the constant show but slight variation through a considerable range, indicating 
that up to high concentrations in the liquid phase there is little modification of the law neces- 
sary; the variation in the case of the other solvents is slightly greater. When the constant 
is calculated on the basis of mass of gas absorbed per unit volume of solvent instead of solution, 
the variation is much greater, which result is in accord with that already noted by Sander 
(Jtoc. cit). 

The solubility of hydrogen chloride in water is an interesting case of an 
exception to Henry's law. Roscoe and Ditmar {loc, cit.) have investigated the 
dependence of this solubility upon the pressure. Since the compound is a 
strong electrolyte, it is apparent that a correction of very large magnitude must 
be made if the law is to have a proper test, and this has not yet been done. It 
appears from the experiments however that the gas has a very considerable 
solubility in water even when the pressure has become too low to be measurable. 
Ostwald * interprets this result, through graphic extrapolation of the solubility 
curve, to mean that there is a residual solubility which is independent of the 
pressure, but varying in composition with the temperature. This is in agree- 
ment with the experiments of Richards and Singer,* who found that a tenth- 
normal solution of hydrochloric acid emits only a negligible amount of acid 
upon prolonged boiling. 

A survey of these and similar investigations leads to the general conclusion 
that Henry's law, like other gas laws, is strictly applicable only to ideal gases, 
and fails to express exact relations as the gas departs from ideal conditions. 

The foregoing discussion of Henry's law has been based upon the absorption 
of the gas at constant temperature. A question naturally arises as to the 
change in value of these absorption coefficients with change of temperature. 
But little of an entirely general character has been learned. There is, of course, 
no doubt that van't Hoff's law of mobile equilibrium applies here; if the temper- 

‘Z. Blektrochem., 18, 641 (1912). 

* Ostwald, Lehrbuch, I, 623. Leipzig, 1903. 

* Am. Chem. J., 27, 208 (1902). 
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ature of a system at equilibrium is raised, that reaction occurs which is ac- 
companied by the absorption of heat, i.c., the endotherraal reaction. If it is 
known therefore that the process of solution of a gas, at the equilibrium con- 
centration, is an endothermal change, it follows qualitatively that the solubility 
of that gas will increase wdth increasing temperature, and in cases where solu- 
tion is exothermal the reverse will be true. It is an empirical fact that the 
dissolving of a gas is an exothermal process in the majority of cases, whence it 
follows that the solubility decreases with the temperature; in such cases, the 
constants of Henry’s law will then show a decreasing value with increase of 
temperature, or, to phrase the same relation otherwise, the gas will have a 
negative solubility coefficient. But this is by no means always the case; the 
temperature coefficient is found to be positive in some instances, and in a few 
cases passes from a positive through a zero value to a negative value as the tem- 
perature changes. A few instances will show that all such are possible. 

Bunsen (loc, cit.) believed that hydrogen in water an<l also oxygen and earlxm monoxide 
in alcohol all have a zero temperature coefficient: Winkler and Bohr* find however that 
hydrogen has a negative coefficient at low temperafures, passing through a zero value at 
about 60® and having a positive value above tliat temperature. Just * has made an extensive 
study of the solubility of nitrogen, hydrogen and carbon monoxide in water and in a large 
niimber of organic solvents, at 20® and 2.5° ; the temperature coefficient is positive in all 
solvents except water. For carlx)n dioxide, on the other hand, Sander {he, ctt.) finds a 
negative coefficient in all solvents, with mtrol)enzene as a possible excei)lion. CJefTkon’s* 
figures for the solubility of carbon dioxide in water may Ix) regarded as a fairly tyi)ioal ease; 
the temperature coefficient is negative, as shown in Table IV, where the Bunsen absorption 
coefficient is indicated by the values of /J at different temperatures; it is defined as the volume 
of gas, measured under standard conditions, absorbed by unit volume of solvent. 


TABLE IV 

SOLUHILITY OF CaRBON DioXIDK IV WaTKR 


Temperature 

0 

Temiicrature 

a 

0 

1.713 

25 

0.7.59 

5 

1.424 

30 

0.605 

10 

1.194 

40 

0.530 

15 

1.019 

.50 

0.430 

20 

0.878 

00 

0.3.59 


The distribution law can be applie<l to simpler systems of gases and liipiids than those 
discussed above, namely, to systems consisting of a single li<iuid and its vapor. At a constant 
temperature the ratio of concentration.s in the two pha-ses should Ik* constant, which is equiv- 
alent to the statement that a pure liquid has a single fixed vapor pnissure. If one considers 
the possibilitv of a pressurechange.it appears that it has little effect upon the concentration 
of the liquid phase within reasonable limits, since the compres.sibility of liquids is of exceedingly 
small magnitude; the concentration in the liquid phase being therefore practically constant, 
the distribution law indicates that the concentration in the gaseous phase will likewise remain 
Bubatantially unchanged. If a higher total pressure is put upon the system through the agency 

1 Wied. Ann.. 62 . 644 (1897). 

• Z. physik. Chevi., 37 , 342 (1901). 

* Z. physik. Chem., 49 , 271 (1904). 
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of some second gas which is introduced, the pressure of the distributed phase (i.e., the 
vapor of the liquid) will vary but slightly. The eiacl relationship which exists between the 
vapor prcHHuro exerted by a liquid and the applied external pressure has already been given 
in Chapter IV, page 120. 

Not only may the vapor tension of a pure liquid Ije shown to be a constant by application 
of the distribution law, but it is also possible by the same means to arrive at a derivation 
of Raoult’s law, which expresses the depression of vapor pressure of a solvent upon addition 
of a solute. Let N equal the number of mols. of pure .solvent taken for consideration, to 
which n rnols. of solute are added; the molar concentration of solvent then falls from A^/iV 
to JV/(/V + u). The distribution law requires however that the ratio of concentrations of 
the solvent in the gaseous and liquid phases remain constant; whence, writing Co and C as 
the concentrations of solvents in the two gaseous pha.scs, 

_Co C 

NjN " NKN + n) ' 

Co iV 4* u 
C N ' ’ 

Co — C n 

Co ~ JV -tn’ 

Since the pressures in the gaseous phases are proi)ortionai to the concentrations, and repre- 
senting these pressures by po uud p, 

Po - 7> n 

IHi N + n 

which is the familiar form of Raoult’s law for ideal solutions.* 


Distuibution in the System Liquid-Liquid 

The distribution law ha.s had its principal tost in the case of liquid-liquid 
systems; furthermore, the application of the law to such systems has yielded 
most interesting and useful results and made po.ssiblo the interpretation of a 
large number of otherwise inexplicable facts. Berthclot and Jungfleisch {loc. 
cit.) were the first to make a systematic investigation of systems of this sort 
and to note the general underlying law. The following table (Table V) gives 
some of their experimental results. 

Inspection of the values of K in these tables shows that constancy in an 
exact sense is not attained, which fact was not overlooked by the experimenters 
themselves; but the approximation to constancy in these cases, in which the 
actual concentrations are varied considerably, is sufficient to indicate the under- 
lying princij)le. In the case of the two acids no consideration of dissociation 
was taken into account, as the work antedated the dissociation theory. Other 
cases of distribution between two liquids have been studied in large number, ^ 
and in the majority of cases considerations of dissociation or association are 
necessary before the constancy of ratio can be detected; but, it is also true that, 
in addition to the cases of iodine and bromine in carbon disulphide and water 
as tabulated by Berthelot and Jungfleisch, there is a considerable number of 

* For a disousaion of Raoult's law, aee Kendall, J. Chan. Soc., 43 , 1391 (1921). 

* Sec Herz, Der VerteilutigssaU, Stuttgart, 1909. 
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TABLE V 


Distribution of Solute between Two Liquids 


Iodine in Carlxjn Disulfide 
and Water at 18® 

Bromine in Carbon Disulfide 
and Water at 20® 

Gnis. I per 

10 cc. HjO 

Gms. I per 

10 cc. ('Sj 

Ci 

Gms. Br i)er 

10 cc. H,0 

Gms. Br jut 

10 cc. CSj 

Ci 

0.0041 

1.74 

420 

0.176 

10.2 

58 

0.tKJ32 

1.29 

400 

0 0.30 

2.16 

82 

0.0016 

0.66 

410 

0.t)20 

1 .55 

78 

0.0010 

0.41 

410 

0.0011 

0.09 

.80 

0.00017 

0.070 

410 

i 




Succinic .Acid in Ether 
and Water at 15® 

Oxalic .\cid in l‘]lher 
and Water at 11® 

Gms. Acid per 

Gms. .\oul per 


Gm''. Acid per 

Gms. .\( id i»er 


10 cc. HjO 

10 ee. Ether 

A = — 

Ci 

10 cc. lEO 

10 cc. Ether 

A ■ ~ 

0.186 

0.073 

6 (» 

0 173 

0.1)52 

9.0 

0.420 

0.067 

«)3 

0.136 

0 016 

9.5 

0.365 

0.061 

6 0 

0..10t 

0.031 

i) 8 

0.236 

0.041 

5 7 

0 203 

0.0205 

9.9 

0.121 

0.022 

5. 1 




0.070 

0.013 

5.2 




0.024 

0.0016 

5.2 





other instances in wliicli the uncorrected ratio in two liquids, as determined by 
analysis, is reasonably constant over (piite lar>j:e variations in the aclmd con- 
centrations. iSucli ca>es include liydrogrm |)(‘roxide ‘ in water and various 
organic liquids, boric * acid in water and amyl alcidiol, bromine in water and 
bromoform, iodine ® in \\ater and chloroform and in water and ('thylenc' glycol, 
and phenol * in water and amyl alcohol. 

If a true constancy in the value of K is assulned for a simjile ease of distri- 
bution between two licpiids, as in tlu‘ instances referred to, an int(*resting 
corollary follows. The addition of a larger total quantity of solute will not 
alter the ratio of concentrations in the two layers, and the jirocess may be 
imagined as continued until one of tin* phases is .saturated with respect to the 
solute. The que.stion ari.ses as to the effect of further addition of solute. It 

‘Calvert, Z. physik. Chcm., 38, (IDUl), Walton and Lewis, J. Am. Chnn. Soc., 38, 
633 (1916). 

* Abegg, Fox and Herz, Z. anorg. Chan., 35, 129 (1903). 

* Jakowkiu, Z. phyak. Chan , 18, (iSO.i). 

<Herz and Fischer, Btr., 37, 4746 (1904); 38, 1138 (1905); Landau, Z. phymk. Chem.. 
73, 200 (1910). 
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cannot enter the phase assumed to be saturated, by definition of the term* 
nor can it enter the other phase by the assumption of the distribution law, since 
its further solution would alter the value of the constant. It follows then that 
both phases arc saturated with respect to the solid and that the distribution 
ratio is the ratio of the solubilities of the solute in the two solvents. From this 
process of reasoning it results that the distribution law is frequently so phrased 
as to state that the distribution ratio of a solute between two solvents is the 
ratio of its solubilities in the two solvents. This is of course an entirely 
logical statement on the assumption that no correction factors are necessary; 
but, as a matter of fact, no data have yet been assembled which support this 
simple statement, and it is probable that it is true only for the distribution of 
very insoluble substances; for, it will be shown that, in the case of liquid 
systems, as it has already been shown for the system gas-liquid, the distribution 
law is strictly applicable only to ideally dilute solutions. 

If the distribution ratio is to be constant in systems consisting of two liquids, 
there is another assumption that must be made, namely, that the two liquids 
are mutually insoluble, or, at any rate, do not have their mutual solubility 
altered by the presence of the distributed substance. In actual experimenta- 
tion this condition has not been and probably cannot ever be strictly realized; 
actually the distributed substance does have an effect upon the mutual solu- 
bility, and that effect may vary both in amount and in direction. The dis- 
tributed phase may lower the mutual solubility; in such a case it is conceivable 
that the mutual solubility might be reduced to zero by successive additions of 
solute, so that the limiting distribution ratio would be that of the solubilities 
in the pure solvent. The solubility of one liquid in the second may increase 
and that of the second in the first decrease by the addition of solute; in this 
case it is clear that the distribution ratio must vary throughout the whole range 
of concentrations. The third possibility is that the mutual solubilities of the 
two solvents are increased by addition of the solute; this will bring about a 
most interesting condition which will be more fully discussed from the stand- 
point of the phase rule under three-component systems. The obvious result 
of adding more and more solute in such an instance is to make the two liquid 
phases more and more like each other in composition until they become identical 
and dissolve in each other in all proportions. At this consolute concentration 
the ratio of the distributed compound in the two phases must be unity, as 
was pointed out by Klobbie ‘ in the case of malonic acid dissolved in water and 
ether. There will in such cases be a variation of the ratio from whatever value 
it has in dilute solution to unity at the consolute concentrations, provided 
only that the liquid phases continue to dissolve the solute up to this point of 
complete mutual solubility. Any one of these three possibilities discussed 
above may be realized experimentally, and it is apparent therefore that the 
assumption of complete insolubility of the two liquids is, in the nature of things, 
not realizable when a tliird substance is added. If, however, the concentra- 
tions of the tliird substance are kept sufficiently small, this effect may be of 

» Z. phy%\k. Chem., 24 , 629 (1907). 
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negligible dimensions; it appears therefore that, for liquid-liquid systems, as 
well as for gas-liquid systems, the distribution law may be applied successfully 
only when the solutions are dilute. It will be seen in the examples given that 
this requirement has been kept in mind when success has been attained. 

Correction for Dissociation and Association. It lias already been pointed 
out, in the discussion of Henry’s law, that corrections for dissociation and 
association are necessary w’here these phenomena occur; the additional com- 
plication in liquid-liquid s 3 'stems is that these corrections may be found neces- 
sary for both phases. Nernst (loc. cit.) modified the di.strihution law so as to 
make it applicable to such sj’stems, stating the conditions as follows: 

1. If the dissolved substance has the same molecular weinht in both solvent-^, it possesses 
a distribution coefficient independent of the coneentrathtn. and vice versa. 

2. If the dissolved substance consists of molecules of different weight or composition, 
the above first rule holds for each molecular .species. 

It has been pointed out in the discus.«!ion of Henry’s law that, in the phase 
in which dissociation occurs, the total concentration, as determined analytically, 
is to be multiplied by the term (1 — a) before in.sertion in the distribution 
formula, tvhere a is the fractional di.s- 
sociation. It now remains to be shown 
how cases may be treated where the 
disturbing condition is that of a.s.socia- 
tion. Reference to Fig. 2 will indicate 
the proper method of reasoning. Let A' 
represent the molecular species common 
to both liquid phases, and let it be as.so- 
ciated in one phase to form double mole- 
cules, indicated as (A) 2 . Analysis of the 
phase marked I gives us the concentra- 
tion of X in that phase, reprc.sented by 
C; but anal>'sis of phase II gives, not 
the concentration of A', which is neces- 
sary for testing the distribution law, , Di«tril.atio„ Diaaran. for an 

but a concentration Ci made up from Awiated Comiiound 

both associated and non-associated mole- 
cules. The necessary term may be derived however by the application of 
the ma.ss law to the equilibrium occurring in phase II. If a be the fractional 
dissociation into simple molecules, then 

= K, (\a = Vt',(l - a)K. 

Ci(l - a) 

Now (ha is the^concentration of simple molecules, and may be inserted in the 
distribution ratio: 

Uia Vc,(l - a)K 
C 

VC,(1 - a) 



= K'. 
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It will be seen that if the association were into molecules three times the 
weight of the simplest molecule, the radical would become a cube root, and, 
in more general terms, for association into a molecule (X)n the denominator 
would become an nth root. Considering however only the simpler cases of 
dissociation of a binary compound and association into double molecules, the 
following general formula; have been developed: 

Phase I, neither association nor 
Phase 1 1, neither association no: 

Phase I, dissociation occurring, 

Phase II, no molecular change c 
Phase I, no molecular change o( 

Phase ir, association occurring. 

Phase I, dissociation occurring, 

Phase II, association occurring. 

In tho«c Koncriil formulic, C and Ci represent the concentrations as analytically determined, 
a and a' the decree of dissociation as determined by independent methods; and the further 
assumptions arc included that the dcKrcc of dissociation follows the mass law and that the 
distributed species is the simi)le molecule. 

In several of the cases to be discussed, an alKcbraic simplification is possible' for cases 
whore association occurs. In benzene and .similar hydrocarbons it happen.s that as'^ociation 
is frequently cornphite or nearly .so; the value of a therefore becomes very small as compared 
with unity in the term (1 — a), and may be noKlected, .so that the ratio becomes 

C/Vbh = K, 

thus renderiiift unncce.ssary any (piantitative knowledge of the a.ssociation eeiuilibrium. 

Nern.st’s gcneralization.s, which are included in the foregoing di.scu.s.sion, 
receive support from his own experiments and more particularly from those of 
Hendrixson.' In Table VI arc given the data for one of a series of eight careful 
distribution experiments in cases involving both dissociation and association. 
The predictions of the theory are fulfilled if it can bo shown that, assuming a 
constant distribution ratio for the simple molecules of benzoic acid between 
water and benzene, the degree of molecular dissociation in the benzene pha.se 
follows the mass law. For this discussion, let 

Cl = the total concentration in the aqueous phase, 

Cl = the total concentration in the benzene phase, 

O' = the degree of electrolytic dissociation in the water, 
k = the distribution ratio of simple molecules between water and benzene, 
nil — the concentration of simple molecules in the benzene, 

K = the molecular dis.sociation constant in the benzene. 

The constancy of the values of K is to be proved, and it is obvious that it 
is some function of the distribution constant k. Of the terms listed above, 

* Z. anorg. Chem., 13, 73 (1897). 
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Cl and C 2 are determined by analysis of the two phases at various total con- 
centrations; a may be calculated from the Ostwald mass law for the dissociation 

CK® 

of benzoic acid in water, — = 0.00006. The value of k, the distribution 

(1 — of)V 

constant, is arrived at by the following rea.soning; it is of course the ratio of 

the simple molecules in the two phases, whence k = — -- . The equation, 

however, includes both k and wji as unknown terms. Proceeding further, K, 
the molecular dissociation constant in the benzene phase, has its value ex- 
pressed by the application of the mass law to the equilibrium ‘iCeHbt'OOH 
;=== (CeHsCOOH)^, whence 

r Ci(l - a ) I 

J. _ {miY _ L k J _ [C.d - g) J 

Co - mi ,, C,(l - a) C,k^ - (\kil - a) 

l — 

Assuming now that the value K is a constant, values of (\ and C., from two 
experiments (lines 1 and 7) of Table VI are inserted in the e(iuation and the 
^alue of the distribution constant k is found to lx* 0.700. 

With thi.s known, the value of ni\, the concentration of simpli? moN'ciiles, 

can be calculated by the formula ^ = k, and the figures are given iii 

Wi 

column 0 . C'olurnn 6 gives the concentration of double molecules ('2 — 
and column 7 gives the nearly constant values for K. 


T.\HLK \l 


DiSTRinUTION OK BkNZOIC .\cn) HKTWKKN \V\TKH AM) Hk.N'ZKNK at 10° 
K = 0 700 


Cl 

Cj 

d 

Cid - a) 

m 

(\ — ?)/i 

- 7»] 

0.0429 

0.1449 

0.109 

o.o;i57 

0 0510 

0 09.39 

0 0277 

0 05()2 

0 2;iS() 

0 149 

0 0174 

0 0077 

0 1703 

0.0209 

0.0,S2;i 

0 4720 

0 125 

0 0720 

0 1029 

0 3097 

0 02S0 

0.1124 

o.ss4;i 

0 104 

0.1007 

0.1i;i9 

0.7104 

0 027!» 

0.1 7S0 

2.1777 

O.OSOO 

0.1 02t) 

0 2;i2;i 

1.91.54 

0.0277 

0.24:10 

4.0.744 

0.0747 

0.2249 

o.:i2i:i 

3.7.131 

0.027<l 

0.2M7 

5.4851 

0.0095 

0.2021 

0 .374:1 

5.1 lOH 

0.0274 


The literature eontain.s a very mn^ideraMe nuiulx-r of ras«-a like the above in whieh 
distribution experiments have tieen list'd to tleterniiin* dissoeiation or assoeiation or Ixith. 
Ordinarily, the degree of di.ssoeiation has Ix'en known through independent eonductivity 
experiments, and the degree of a.ssoriation determined by appbeation of the theory as given 
above. Thus, Hendrixson {loc. cit.) determined the assoeiation t»f Ixuizoie aeid and of salicjlic 
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acid in benzene and in chloroform. Herz and Fischer ^ and Herz and Lewy * have detennined 
the association of acetic acid and chloracetic acid in benzene, toluene, xylene, chloroform, 
bromoform, carbon disulfide and carbon tetrachloride, using water as the other solvent in 
each case. Donnan and Garner * by the same method found lithium chloride to exist chiefly 
as dou))lc molecules in amyl alcohol. 

Tlierc have been numerous cases like the above in which distribution experi- 
ments have been of use in measuring, with considerable accuracy, the degree 
of association of certain compounds. The effort, on the other hand, to use the 
same method of experimentation so as to measure the degree of electrolytic 
dissociation, has been much less often made and, on the whole, with much less 
success. This has been due, in considerable part, to the fact that but few com- 
pounds are known which meet the requirement of being fairly strong elec- 
trolytes (salts, strong bases and acids) and of being at the same time soluble 
both in water, where the dissociation occurs, and in non-dissociating solvents 
like the hydrocarbons. There is the further difficulty that, where the above 
requirements are met, the compound is associated in the second solvent and 
its degree of association not known with sufficient accuracy to be set into the 
above formula? with any great degree of confidence. Where such experiments 
have been possible, they have led to conclusions as to the degree of electrolytic 
dissociation which are out of harmony with the results obtained by other 
methods. Thus Rothmund and Drucker^ used distribution experiments in 
investigating the electrolytic dissociation of picric acid in water by measuring 
its distribution between that solvent and benzene. Algebraic treatment similar 
to that given above showed that, on the assumption that the acid exists wholly 
in the form of double molecules when in benzene, its dissociation in water 
follows the mass law, or Ostwald dilution formula, the dissociation constant 
being 0,164. Tliis conclusion stands in contradiction to the fact that strong 
acids do not follow the Ostwald formula, as far as evidence exists based upon 
their electrical conductivity; the contrary evidence of Rothmund and Drucker 
is of course weakened by the fact that an assumption as to the association in 
benzene is involved. Later experiments by Drucker,^ where tribenzylmethyl- 
ammonium salts were used, gave a much less satisfactory constant for the 
distribution ratio when the assumption was made that the electrolytic dis- 
sociation followed the Ostwald formula. More extreme results have been 
found by Schuncke,® who noted that hydrogen chloride leaves ether completely 
and passes wholly into water, and by Hill,^ who studied the distribution of 
silver perchlorate between water and benzene, water and toluene, and water 
and aniline; the salt passes wholly into the water in the first two cases and 
wholly into the aniline in the third case. In all these cases it is clear that there 
38 , 1138 (1905). 

» Z. Elcktrochem., 11, 818 (1905). 

•J. Chem. Soc., 115, 1325 (1919). 

* Z. physik. Chem., 46 , 826 (1903). 

Elektrockem., 18, 562 (1912). 

• Z. phyaik. Chem., 14 , 331 (1894). 

V. Am. Chem. Soc., 43 , 254 (1921); 46 , 1132 (1924). 
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can be no molecular species common to both phases; what the condition of the 
distributed compound may be in each phase is not easy to determine. 

Study of Other Equilibria by MeAnaof Distribution Experiments: It will be 
readily seen that distribution experiments may shed 
much light on a variety of other chemical eciuilibria 
as well as upon association or dissociation. If .r in 
Fig. 3 represent a substance whose distribution co- 
efficient between two pha.se.s can be determined, and 
if it is capable of entering into a reversible reaction 
with a second substance y in one of the phases, the 
constants of this second equilibrium can be easily 
evaluated from a series of distribution exj)eriments: 
analysis of the upper phase for its content of x will 
give the concentration of uncombined x in the lower 
phase from the distribution ratio previously d(‘ter- 
mined, and analysis of the lower phase for .r will giv<‘ 
its total concentration as x and xy, from which the 
concentration of xy follows; since the total concen- 
tration of ;/ is the amount taken, ami its proportion p,„i,.rK„i„„ (•o.„l,i,„.ii..n 
in xy follows from knowledge of the composition of 

that compound, the concentration of uncombined y is likewise known, and 
with X, y and xy known in the lower j)hase the constants of the equilibrium 
can be immediately calculated. 

In uccordanoo with this principle, Kuriloff ' has studied the etpiihhriuin 
na])hthol -f picric acid naphtholpicrat e 

in benzene solution. RolofT* has studied the action of linuuiiu* on potassium broniidi' in 
forming the polybromide KBrj, and Jakowkin •' has studied the formation of similar poly- 
ludides and the interesting case of the hydrol>sis of chlorine. 

Ch +HOH^Il('l 

Dawsjon * by studying the distribution of ammonia Ix'twecn chloroform and aitucous Holutions 
of copper sulfate was able to show the existence of the compound (hiS()4.4NHa in the 
aqueous phase together with certain dissociation products. Farmer® has, in like manner, 
determined the hydrolysis of the barium salt of h\<lrox> azobenzene by distributitm experi- 
ments between benzene and water. The method is one of very wide applicability, though 
it is unquestionably true that in many instances the conclusions are complicated by the fact 
that there are several equilibria occurring in each jihasi*. 

Nernst {loc. cit.) has given the most generalized form in which equilibria 
may be studied by means of distribution experiments. Let a two-phase system 
be considered, in each phase of which an etjuilibrium exists according to the 
following scheme: 

niAi 4 - niAi + • • • lu'Ai' -f 112' A z' + * • • > 

« Z. physik. Chem., 25, 419 (189S). 

* Z. phystk. Chem.. 13, 341 (1894). 

*Z. physik. Chem., 20. 19 (1896); 29. OF! (1899); Ber., 30, 518 (1897). 

*J. Chem. Soc., 89 , 1660 (1906). 

»7. Chem. Soc., 79 , 863 (1901). 
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in which A^ A^, Ai and A^ represent molecular species and rii, Ui, w/ and n/ 
represent the stoichiometrical coefficients; and let Ci, C2, Ci and C2' represent 
the concentrations of these molecular species in the one phase at equilibrium, 
and Cl, C2, Cl' and C2' the concentrations in the second phase. The mass-law 
equations representing these equilibria in the two phases will be 


Each of the molecular species is distributed between the two phases, which 
fact is represented by a series of distribution ratios 


Cl 


= ku 



c_i 

d 


— hi'. 


By division of the first two equations, an equation results: 

k'Sp 

It follows therefore that, if the equilibrium constants of a reaction occurring 
at a fixed temperature in a given phase are known and if, also, the distribution 
constants of all the molecular species are known, the eijuilibrium constant in 
the second phase at that temperature can be calculated. The conclusion is 
of course valid whether the two phases be liquids or whether one of them be a 
gaseous phase. 

Amorphous Phases: The substitution of an amorphous body for one of 
the liquid phases should have no effect upon the validity of the distribution 
law. It is customary to look upon such amorphous bodies as liquids of high 
viscosity, which projierty should in no wise interfere with the establishment of 
a true equilibrium, although it may lengthen the time required for the attain- 
ment of equilibrium. Such a case has been studied by Kuster; ' ether dis- 
tributes itself between water and the amorphous substance caoutchouc as 
shown in Table VUI. 

The application of the distribution law to cases involving a colloidal sub- 
stance is simple in principle, but the interpretation of the results is by no means 
simple. The adsorption of dissolved substances from solutions upon colloidal 
bodies is obviously a case of distribution of a substance between two phases. 

C" 

Indeed, a common method of writing the adsorption isotherm, — = K, is 

formally identical with the distribution law as it has been used for cases in- 

1 Z, phyutk. Chtm., 13 , 452 ( 1894 ). 
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TABLE YIII 


Distribution of Ether between rAouTriioi r and Water at 1S° 


Ck 

Cu> 

a 


3.85 

1.24 

3.10 

l..“>8 

7.9G 

2..34 

3.41 

1.21 

If). 14 

4 2G 

3.79 

0.94 

20.12 

5.07 

3.97 

o.ss 

24 49 

5 GG 

4 33 

0 ,S7 

28.82 

G.37 

1.10 

0.,s3 

31.43 

G.99 

4..'j0 

0 SO 

35.09 

7.10 

4 71 

O.SO 

38.09 

7.93 

4.80 

0.78 

49.18 

9.18 

5 3G 

0.70 


The first colunni indicate." the uraiii'^ of ether jx-r KHt ce, of the caoiitehonc i)ha"e and 
the ."econd column the number of uram" iti the sune volume of the aqueous .solution. The 
ratio of these values, jiiven in eolumn thn'c, m\es hnuies with a decided tiend, lail the .sub- 
stitution of the ."(juare root of the \ aim's of (\ m the formula (Column 1) nn es \ allies v\ Inch 
are not far from a eonstant; tin* conclusion is theiefore that, in tlu' caoutchouc jiliase, (he 
ether is prcdonnnatiiiKly biinolecular. 

volving associiitioii ; but where jidsorption from wtifer oeeurs, for extimple, tlio 
exponent ?/ must be <i])])lie(l to the icotcr jiluise, ttnd is of tlit' order of miignitude 
of 1/5 or 1/10. Kea.soning such as has bta'ii u.^ed in di.stribiif ion ('Xiieriintmts 
would tlierefore lead to the astounding conclusion that the distriliuted phase 
has only a fraction of the molecuhir weight in the colloid which it jio.sse.sst's in 
water. Since comjiounds usuidly posst'ss their minimum molt'cnhir wt'ight in 
water, the conclusion that they havt' still lower moleciihar wt'ights in tht' colloid 
jdiase is untenable; rather, it seems wiser to coiicliidt* tluit surfact* t'tTt'cts have 
here a predominating influence* because of the huge surface's possesst'd by 
colloids, and tluit the distribution hiw is masked by thest* grt'ater influences. 

The Process of Extraction: IToliably the commonest use to which the 
distribution princi])le is ])ut in ordinary laboratory jirtictict* is tlu* proct'.ss of 
extraction. Organic compounds in particiihir are etisily and eonijih'tely rt*- 
moved from inorganic nuiteritils by extracting the atpieous solution with ether 
or similar organic solvent; the distribution ratio of most orgtinic bodies is 
largely in favor of the ether phase, whereas that of inorganic bodies is almost 
wholly in favor of the atpieous phase, .so that rejieated extniction with ether 
will give a nearly perfect separation in the majority of insttinces. It is fre- 
quentl}^ possible to increa.se the ratiti in the desired direction liy tiddition of 
another compound which depres.ses tht* tiissociation of the substance being 
extracted; an organic acid of mtideratt* strength for example can be most ad- 
vantageousl}’ extracted from water after atltlition tif a strong inorgiinic acid, 
which bv its exces.s of hydrogen itui will ctmvert the orgtinic acitl chiefly into 
undissociated molecules, which are .soluble in the ethereal phase whereas the 
ions are not. An organic base, by the .same rea.soning, is irmst easily extracted 
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in the presence of a strong inorganic base. The addition of neutral bodies such 
as salts will also in many cases lower the solubility of the organic compound 
in water (the so-called salting-out effect) and thus favor the extraction by the 
ether. 

In the majority of extraction processes there has been no extended study 
as to distribution constants, degree of association, dissociation or combination, 
but the most appropriate extracting agent has been found by the method of 
trial. There is, however, in all cases, a general principle of great value which 
can be applied in determining the best method of extraction with a given 
quantity of extracting liquid, for it can be shown that extraction by means of 
several fractions of the liquid is more complete than if the whole liquid be used 
in a single extraction. A simple example will make this point clear. Let a 
liter of an aqueous solution be considered, holding 100 gms. of an organic 
compound, and let one liter of ether be considered as the extracting liquid; 
further, let the distribution ratio of the compound in ether and water be 2. 
It is apparent that if the whole sample of ether be used in a single extraction 
of the liquid, the amount dissolving in the ether will be 66.7 gms. If on the 
other hand the extraction be carried out with two 500 cc. samples consecutively, 
50 gms. will be extracted on the first treatment, and 25 gms. on the second, 
raising the total yield from 66.7 gms. to 75 gms. If now the extraction be 
conducted with ten 100 cc. samples of ether, the amounts extracted by the 
successive operations will be 16.67 gms., 13.89 gms., 11.58 gms., 9.65 gms., 8.03 
gms., 6.70 gms., 5.58 gms., 4.65 gms., 3.88 gms., 3.23 gms., making a total of 83.86 
gms. In the majority of instances, the distribution ratioisfarmorefavorablethan 
the 2 : 1 ratio here assumed, so that extraction approaching 100 per cent can 
frequently be effected with comparatively few operations. In all cases, how- 
ever, extraction by fractional parts is more efficient. 

If the distribution ratio is known for the materials contained in a given 
extraction, it is possible to derive a generalized formula which will show the 
amount still uncxtracted after a given number of operations.* Let W cc. of a 
solution containing .ro gms. of a substance be repeatedly extracted with L cc. 
of a given solvent. After the first extraction, let .ri represent the number of 
grams remaining unextracted. The concentration in the extracting phase will 

then be and in the original solution ^ • The distribution ratio K will 

L W 

then be, by definition, 

.To - Ti „ 

A, 


whence 


= Kir X ■ 


KW 


KW -f L 


Taken from Hera, Der Verteilungs.siitz, Stuttgart, 1909, p. 5. 
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After a second extraction X 2 gms. remain in the original solution; the equation 
takes then the corresponding form 


X2 = :ri 


KW 

KW + L * 


If now the former value for a:i be substituted in the equation, 

_ r A'lr 

"^’kw + l kw + l~''°[kw + l\ ' 

Putting the equation now in a generalized form, after the nth extraction, the 
residual quantity is as follows: 



Inspection of this generalized formula shows that for the residue to be very 
small, the distribution constant K should also be small (i.e., the distril)ution 
ratio toward the phase being extracted should be small), and the number of 
extractions, n, should be large. 

Temperature Coefficients: A change in the distribution ratio with change 
in temperature may be anticipated from the fact that the solubility of a sub- 
stance ordinarily changes with the temperature and that the changes are 
usually of different magnitu(l(‘ in the two different solvents used. Forbes and 
Coolidge ' have derived the temperature coefficient of the distribution ratio of 
succinic acid in water and ether from solubility data, and obtain a calcuhitcd 
coefficient of 0.0258 per degree, in good agreement with the ex))crimenial 
figure 0.0255, Ilantzsch and Hebaldt ^ find that the distribution ratio of 
acetic acid between water and ether varies only from 2.031 at 0° to 2.19 at 25°, 
and that of mercuric chloride under the same conditions from 0.391 to 0.429; 
between water and toluene® the di.stribution ratio of acetone falls from 2,09 
at 0° to 1,05 at 30°, and that of mercuric chloride in the .same solvents from 
12.35 at 0° to 11.25 at 50°. These are all rather small changes, and have led 
to the loose but useful generalization that temperature changes have but small 
influence upon distribution ratios. This must freciuently be the case, since 
the distribution ratio alters oidy with the diJlfennce between the solubility 
ratios. In cases, however, where the temperature coefficients of solubility in 
the two phases are widely different, as where the solubility coefficient is posi- 
tive in one solvent and negative in the other, large changes in the distribution 
ratio must re.sult. The same condition will result if any equilibrium is more 
largely affected by temperature change in the one phase than in the other, 
whether the reactions be those of di.s.sociation, as.sociation, or compound forma- 
tion. Thus Hantzsch {loc. cit.) and his co-workers found that the distribution 

1 J. .4m. Chem. Soc., 41 , 150 (1919). Sec also MacUouKall, ibid., 41 , 1718 (1919). 

* Z. physik. Chem., 30, 258 (1899). 

’ Hantzsch and Vogt, Z. physik. Chem., 38, 705 (1901). 
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of ammonia and amines between water and water-like compounds such as 
glycerine or ether on the one hand, and hydrocarbons or similar liquids on 
the other hand, shows a very pronounced temperature coefficient, which they 
ascri})e to the formation of hydrates or similar compounds. 

On theoretical grounds it may be a.ssumed that pressure changes also affect 
distribution ratios between liquid phases, since solubility is affected by the 
pressure; but such effects must be of exceedingly small magnitude, and have 
not Jis yet been noted. 

Limitations in Application of the Distribution Law: It has been pointed out 
that the strict application of the distribution law in gas-liquid systems is 
limited to dilute systems. The .same limitation applies when the phases are 
two li(]uids. There is also here the additional limitation that the two li(|uid 
j)hases shall not change their mutual solubility with change of concentration 
of the distributed phase. Further, corrections in the formula are necessary for 
each equilibrium affecting the distributed compound in either phase, whether 
of dissociation, a.s.sociation or chemical combination. In view of these nu- 
merous correction factors, wliich fre(iuently cannot be applied with exactness 
because of our lack of knowledge of the eciuilibria concerned, it is not surprising 
that al)solute constancy in the distribution ratio between two liquids has 
rarely, if ever, been found. It is obvious, therefore, that the distribution 
principle is interwoven into the problem of the condition of dissolved bodies, 
concerning which our knowledge is far from complete.^ Because of this inter- 
relation it is the part of wisdom to accept the distribution law tentatively as 
valid and make u.se of it in gaining information as to the nature of the changes 
which a body undergoes upon being dissolved in a liquid. 

Distribution in thk Sy.stem Liquid-Solid 

In extending the distribution law to systems containing a solid ])haso, the 
only new point of view neces.sary concerns a solid body as a solvent. A 
more comjilete pre.sentatioii of this topic will follow in the discussion of the 
pha.se rule. For the present purpo.se it is sufficient to look upon a solid solution 
as a substance a.s truly homogeneous as a liipiid solution, but with the physical 
attributes of the solid condition instead of the liquid condition. The di>tribu- 
tion ratio of a substance between a solid and a liquiil phase wilt be the ratio 
of its solubilities in the solid and liquid. Solids do not so frequently show 
.solvent properties as do liquids; thus ice is not a solvent for countless com- 
pounds which dissolve freely in liiiuid water; but a certain number of other 
.solids have been found to possess this property, and, in certain of such cases, 
the distribution law has been tested. Table IX gives the results of Beck- 
mann’s ^ experiments on the distribution of thiophene between liquid benzene 
and solid benzene and Bruni’s work on piperidine in the same two solvents. 

‘ Sc*© Hnntzsph and Sobaldt, loc. cit.; Hantzsoh ami Vogt, hr c\t ; Georgivics, Z. phystk. 
Chem., 84, 35 a (1913) and 90, 47 (1913); Snii|h, Phys. Chem., 25. 100, 204 and 005 (1921). 

a Z. physi:. Chevi., 22, 012 (1897). 

» Oazz, chim. ital., 28, I, 259 (1898). 
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The columns headed Ci represent the percentage composition of ihiopliene or piperidine in 
the liquid benzene and those headed Cs represent their concentration in the solid benzi'iu*. 
The temperatures are the freezing point temperature'^ of the benzene solutions, slightly 
lower than the freezing point of pure benzene (5.4s®). 

TABLE IX 


DlSTRinUTION OF ThIOPIIKNK A\n OF PlPKIlIDlNK HKTW KFN LlQl'Il) 

Bexzkne and Solid Benzene 



Thiophene 


Pipciidine 

i’l 

("s 

Cs.’f't 

i’l 

Cs 

C.s- i'l 

1.22 

0.48 

0.390 

0 .5.53 

0.072 

0 13 

2.28 

0.99 

0. 134 

1.37 

0 1.5.5 

0.11 

2.S7 

1.29 

0.4.59 

2 .57 

0.210 

0 Ot) 

3,42 

1.49 

0.437 

3 21 

0.313 

0.10 

4. .50 

1.87 

0.114 

1.20 

0.199 

0.12 

0 44 

2.00 

0.413 

l.))8 

0.01.5 

0.13 

11.20 

4.38 

0.391 




10.00 

0.29 

( .379 





iTom the constancy of the latios Cs'<'l. it i" apparent that both thiophene and j^iiiendini' 
l»os>.(>>s the >ame molecular condition in solid iM-nzene as m its Inpiid form. It will also bi’ 
noted that the solubility of thiophent* in solid bcnzi'iie i.s m-i\ con-'idcrable, amounting to 
about 4 It) of its solubility in the liquid, it is evident thcrcf.ac that imrification of lienzenc 
from thiophene by the im'thod of cr\ stallization is beset with difliculties. Iodine has also 
biM'ti found' to have a relativel.v high solubility in solul b.‘nzcm‘ and to possess normal 
molecular wt'ight in both the Inpiid ami solnl solvent. 

In the above oxanijtlcs, the same siibslanee (ij^iirt's as solvent in liolh tht' 
solid phase tind the li([uid phase*; tlie (li.stril)iition follows I lit* same jirineiple, 
ho\\e\er, when tlie stilid pliast* is of dilTerenl composition. As an examiilt*, 
there are friven in Table X figurt's on the di.stribution of tlndloiis nitrtile bet\Net*n 
solid potassium nitrate and an atpieons solution, as eletermimal by I'ock.''^ It 
is of Course necessary that the solution lie saturated with the potassium nitrate 
in order that tlie solid jiha.se may be pres(*nt. 

The concentration of this salt, expressed in moh-s per litei is given in the first column. 
The concentration of the th.alloils nitrate in the liquid phas.‘ (('D is given in column 2 ami its 
concentration in the soli.l potassium nitrat<- in column d (f'.s). '"'th expn'.ssed in moh>H per 
100 moles of solution, the ratio given in column 1 is satisfactorily cemstunt, and again 

.shows that the molecular condition of the thalh.us nifiale is the same in both solvents. 
Ionization has been reduced to a minimum in the aqueous phase by th<‘ common ion from the 
large excess of potassium nitrate. 

Dlstribution in Otiieu Systems 

Whore two phases are under discussion, the po.ssibilities as to cornbinatifins 
in which distribution might occur are the following: gas-li(iuid, litpiid-litiuid, 

' van’t Hoff’s Lectures, II. 75. 

*Z. Krystali, 28. 337, ZenlraK, 1S91. I. 710, taken from Lewi.s, Physical Chemistry. 
1916, p. 344. 
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TABLE X 


DiHTItIBUTION OF THALLOUS NiTRATE BETWEEN SOLlD POTA 88 IUM NiTRATE 
AND Aqueous Solution 


Tone. KNO* 

Cl 

C's 

CilCs 

3.2058 

0.3238 

2.77 

0.117 

3.2944 

0.1809 

1.78 

0.105 

3.2981 

0.0003 

0.57 

0.116 

3.2851 

0.0231 

0.20 

0.116 

3.2515 

i 0.0089 

0.08 

0.111 


liquid-solid, gas-solid, solid-solid. Two gaseous phases are impossible, since 
all gases are comiiletely soluble. Three of these five combinations have been 
discussed above; the discussion of the remaining two may be made brief. 
Distribution between a gaseous phase and a solid phase of course requires that 
the distributed compound be itself a gas, and capable of dissolving in the solid. 
That such cases occur is in accord with the well-known diffusion of hydrogen 
through platinum or palladium, but the solubilities are usually of a low order; 
when large apparent solubilities are found, the result is frequently to be attrib- 
uted to adsorption upon the surface of the solid, and results are obtained which 
are not easily interpreted in terms of the distribution law. A number of inter- 
esting cases have been investigated by Sieverts and his co-workers,^ by whom 
the solution of several gases in common metals was quantitatively examined. 
The figures for the solubility of hydrogen in nickel are given below. 

TABLE IX 


Solubility of Hydrogen in 20.97 Gms. Nickel 


lat Series: Temp. =» 923“ 

2d Series: Temp. = 822° 

Pressure in Cm. 

CV. of Hj 

V/> 

Pres.surc in Cm. 

Cc. of Hj 

Vp 

of Hg 

Dissolved 

VI 

of Hg 

Di.ssolved 

in 

704 

2.03 

10.5 

704 

2.20 

12.6 

603 

2.50 

10.3 

000 

2.08 

12.4 

584 

2..39 

10.1 

583 

1.93 

12.5 

448 

2.00 

10.3 

529 

1.S6 

12.4 

319 

1.62 

11.0 

447 

1.71 

12.4 

104 

1.11 

11.5 

318 

1.41 

12.7 

129 

0.98 

11.6 

165 

1.01 

12.7 




132 

0.89 

12.9 




88 

0.72 

13.0 




52 

0.50 

14.4 


‘ Z. physik. Chem., 60 , 129 (1907), 68 . 115 (1910); Ber., 42 , 338 (1909), 43 , 893 (1910), 
45 , 221 and 2676 (1912). 
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In these experiments, as in most others in which a gas is dissolved by a solid, it appears that 
the solubility is not directly proportional to the pressure, as would be the case if Henry’s 
law expressed the conditions, but is proportional to the scpiare root of the pressure; as inter- 
preted previously, this indicates that the gases in the solid solution have one half the molecular 
weight which they possess in the gaseous condition, that is, that h> drogen and other elementary 
gases are present in monatomic condition in the solid phase. An e<iually simple iutertiretat ion 
for the case of sulphur dioxide in molten copper is not available. The ditficulty was elucidated 
by Stubbs ‘ who showed that interaction with the copper oceur.^. 

The solubility or insolubility of a given gas in a given metal has naturally a very im- 
portant bearing upon the use of the metal as a catalyst in reactions in which the gius takes 
part; Sieverts gives the following classification of cases studied by him: 

nitrogen; not dissolved by metals except by iron and aluminium with the fonnation 
of nitrides. 

carbon dioxide: insoluble in copper. 

carbon monoxide: soluble in nickel ; insoluble in copper. 

oxygen: soluble in (molten) silver. 

sulfur dioxide: soluble in (molten) copper. 

hydrogen; soluble in copper, nickel, iron, ])alladium, insoluble in cadmium, thallium, 
zinc, lead, bismuth, tin, antimon\, siher and gold. 

It will be shown, how'cvcr, in Chapter XV that it is the adsorbed gas rather than the 
dissolved gas which is really important in catalytic work. 

For solid-solid systems the available data arc meaner; althoui^h two solids 
may frequently show mutual solubility, which will be discussed under the 
phase rule, the equilibria are usually attained only after loni; intervjils, and 
independent analyses of the phases are not easily made. For these reasons 
application of the distribution law has rart'ly been .attempted. 

When three-phase systems are considered, tht* distribution law is still 
applicable. The simplest application would lx* when the j^aseous phase over 
tw^o liquid pha.ses is taken into the calculation. It is api)arent howevr'r that 
with increase in the number of pha-'^es the possibilities as to a.ssociation, dis- 
sociation and chemical combination are likewise increased, and the application 
of the distribution law becomes increasingly difiicult. 

Till-: PH \.si: HI LK 

The most useful generalization relating to the physical and chemical reac- 
tions which occur in heterogeneous systems is the phase rule of Willard (libbs.* 
Published in a journal not w’idely read and developed in a mathematical fashion, 
its fundamental value was not at once recognized. It is owing to the subse- 
quent adoption of the phase rule by Roozeboom, Ostwald and van t Hoff that 
it has become generally known to chemists and physicists as a principle of the 
widest applicability, of the highest value in the classification of heterogeneous 
equilibria and of the greatest reliability in the settlement of disputed points; 
vanT Hoff made use of the rule in many of his published investigations, Rooze- 
boom made it the basis of his monumental monograph,® Die heterogenen 

‘ J. Chem. Soc., 103 , 1445 (1913). Proc. Chem. Soc., 29, 225. 

* Gibbs, Transactions Connecticut Acad., 1S74- 1878, also in Gibbs Collected Scientific 
Papers, Longmans, Green and Co . 1900. 

* Roozeboom, Die heterogenen (ileiehgewiehte, Hraiinsehweig, 1901 et seq. 
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Gleichgewichte, and Ostwald adopted it as his basis of classification in his 
Lehrbuch.^ Roozeboom had previously been making use of the phase rule in 
his investigations beginning as early as 1884 to 1887, ^ at the suggestion of 
van der Waals. It has since this time come into very general use, and has 
the advantage over others of our commonly accepted generalizations in that 
it contains no assumptions based upon theory, such as the molecular hypothesis, 
the kinetic theory, theories of constitution of matter or of chemical reaction, 
and is therefore not subject to revision or rejection as our views of these matters 
may change. 

In order to appreciate the importance of Gibbs' generalization, it is neces- 
sary to have an idea of the type of phenomena with which the phase rule is 
concerned. In a general way it may be stated that the effect' of changing 
temperature, pressure or concentrations in any heterogeneous system would 
have to be considered a special problem for each system investigated were it 
not for the phase rule; by its means, however, the effect of these changing 
conditions can be shown to follow a definite rule for all systems. A few in- 
stances will illustrate the point. Three open flasks may be taken, containing 
respectively pure water, a dilute solution of hydrochloric acid and a dilute 
solution of sodium chloride; if these three licpiids be heated, their behavior will 
be entirely different. The water will undergo a steady rise of temperature 
until its boiling point of 100° is reached, at which point the litpiid will boil 
away without change of temperature until the flask is dry. In the second case, 
the liquid will begin to boil at some temperature not far from 100° but the 
temperature will still continue to rise and the solution become more and more 
concentrated with r(*spect to hydrochloric acid until a temperature of 110° is 
reached, at which point the liquid will continue to boil without change of 
temperature or of composition until this flask also is dry. In the third case 
the li(iuid will also begin to boil at a little above 100°, and again the temper- 
ature will rise until, at about 107°, solid sodium chloride begins to precipitate; 
the temperature will then remain constant while the remainder of the water 
boils off, leaving the dry salt behind. The widely different behavior of these 
three solutions has of course long been known; but it remained for the phase 
rule to show that the three cases could all be interpreted in terms of a single 
law. In like fashion, if the three .solutions were subjected to conditions which 
would withdraw heat from them, the first would show a constant temperature 
only once during the withdrawal, the third twice and the second a number of 
times — explicable again in terms of the same phase rule. In short, a very 
large number of previously unrelated phenomena, dealing with changes involv- 
ing several phases, have been clearly and intelligibly related by means of the 
phase rule, and i)redictions as to countless reactions not yet investigated may 
be made with complete safety. 

The Phase Rule : The phase rule of Gibbs is stated in terms of the number 
of phases present in a system at equilibrium, the number of components from 

‘ Ostwald, Lchrbuoh der .MlRemeinen Chemie, 2d Edition, Leipzin, 1903. 

* Dio hctcrogcncn Gloiehgewiehto, I, p. 7. 



HETEROGENEOUS EQUILIBRIUM 


369 


whicli tli6 system can be built up, and the number of conditions (pressure, 
composition or temperature) which may be varied without causinij; a cliange 
in the number of phases. In words the .statement of the relationship is some- 
what cumbersome, but it may be very simply expressed by the equation 

F = C - P-\- 2, 

in which C stands for the number of components of the system, P tlie number 
of phases present, and F the degree of freedom, or tlie variance, of the .system. 
Before pa.ssing to tlie application of this rule to any system under observation, 
it is nece.ssary that each of the terms u.^ed, cither in a viu-bal ^tatement of the 
rule or in the equation, .should be accurately defined and thoroughly under- 
stood. The list includes the terms equilibrium, pha.se, comjionent, and degree 
of freedom. 

Equilibrium: An equilibrium exists in any .system under a fixed set of 
conditions when the parts of the system do not undergo any change of projierties 
with the pa.ssage of time, provided (which is the crux of the statement) that 
the parts of the system have the.se .sam(‘ properties when the sann* conditions 
are again arrived at by a different procedure. It is this provision which makes 
liossible the distinction between stable equilibrium and metastable equilibrium; 
in both cases the system may be capable of maintaining il.si'lf {lerhaps in- 
definitely without change, but in the ca.se of metastable eipiilibrium an altera- 
tion in the method of producing the system will give us an entirely new .set of 
properties. As an example of this distinction, let a vessel of water be con- 
sidered which is cooled slowly and carefully to a temperature of — 1°; with 
care such a system may be maintained as long as desired, and will consist of 
water of a certain density and vapor of a certain pre.ssiire It apiiears then 
that the system is in equilibrium. Again, ice at some low temperature may 
be carefully warmed to - 1°, when it will have a fixed density and a fixed vapor 
pressure somewhat lower than that of the former .system; eipiilibrium appears 
to exist in the second case also. The distinction lii's in the fact that this second 
system may also be produced by cooling water, while the first can never be 
produced by warming ice; ice and vapor at — may then be considered a 
sy.stem in stable equilibrium, while water and vapor at — 1° are in metastablo 
equilibrium. 

.In making use of the phase rule, it is a matter of the most fundamental 
importance to remember that it applies to system.s in true (‘(piilibrium and only 
when they are in true equilibrium. If tlii' mathematical aiiplication of the 
rule shows, in some of the ca.'^es to be studied, that only a ci'rtain number and 
class of phases can be present at equilibrium, the conclusion of course is not 
justified that no other number of phases can be pre.^ent; if the system is not in 
temperature equilibrium (i.e., if different parts of it have different temperatures) 
or if the pha.ses are out of equilibrium (i e , the phase reactions have not been 
completed), the system may be quite different from that which w ould be deduced 
by the phase rule. Practical experience with conventional ice water will 
convince anyone that it is po.s^ible to have ice, water and vapor in a tumbler 
13 
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many degrees above zero, and the experience does not constitute a contradic- 
tion of the phase rule; it indicates only that we frequently drink the liquid be- 
fore equilibrium has been attained. Nor does the phase rule give any indica- 
tion of the rapidity or slowness with which a given equilibrium is reached or 
how it is most easily produced; it is severely limited to an exact statement of 
the existing conditions when equilibrium has been attained, in the sense in 
which equilibrium has been defined above. 

Phases: The term phase has for some time been a part of the nomenclature 
of elementary chemistry; the concept is simple and easily grasped. A phase 
is any part of a system, which is homogeneous throughout; it is bounded by a 
surface and is mechanically separable from the other parts of the system. 
Such a phase is necessarily in one of the three physical states of aggregation, 
gaseous, liquid or solid. Since all gases are found to be mutually soluble, 
that is, to pass intf) a homogeneous condition, it follows that there can be only 
a single gaseous phase in any system under consideration; with liquids complete 
solubility is by no means always the case, and there may therefore be several 
liquid phases present in certain systems, and the same is true for solids. How- 
ever many liquids or solids may have been formed under varying conditions 
from the components of a given system, in no case has the number of liquid 
phases coexisting at equilibrium been found greater than the number of the 
components in the system, and the number of coexistent solid phases at equi- 
librium cannot exceed the number of components by more than two, as will be 
shown later. With regard to the composition of the gaseous, liquid and solid 
phases, the phase rule makes no assumption as to their classification as elements, 
compounds or solutions, and distinguishes only between phases of fixed compo- 
sition and those of variable composition; but, if the customary chemical 
method of classification be used, it may be stated that any j)hase, whether 
gaseous, liquid or solid, may be composed of an element, a compound, or a 
solution of elements or compounds, since all these forms are homogeneous. 
Mixtures only are excluded, since, by definition, a mixture is heterogeneous 
and therefore composed of at least two phases. Finally it should be pointed 
out that a phase need not be continuous; the gaseous phase, because of the 
diffusibility of gases, is generally continuous in any system, and the liquid 
phase because of the fluidity of liquids is usually so, though it may of course 
be broken into droplets by agitation; solids however are commonly present as 
discontinuous fragments. Continuity is excluded from the definition of a 
phase, since discontinuity brings about no change except one of surface, which 
will be discussed in the paragraph on variables. Gibbs * in introducing the 
term phase states that it refers “solely to the composition and thermodynamic 
state of any body without regard to its quantity or form.” 

Components: The concept of the components is frequently less easily 
grasped than the other necessary concepts by those taking up, for the first 
time, the study of the phase rule. This is, perhaps, because of a double use 
to which we put the term. It is necessary to derive, in the first place, the 

1 Scientific Papers, p. 96. 
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number of components, in order to have a numerical value to substitute for the 
term C in the phase-rule equation; it is also necessary to name the individual 
components in terms of which the compositicm of the various phases is t() be 
expressed. The number of components must have a perfectly definite value, 
derivable in a systematic manner, and subject to no arbitrary desire on the 
part of the investigator. The individual components on the other hand, while 
limited in number as stated, may be chosen at will within certain limits, as 
will be shown; here, there is a certain freedom of choice not permissible in the 
former instance. 

The number of components of a .system at ecjuilibrium is defined as the 
smallest number of independently variable constituents by means of which 
the composition of each pha.se may be mathematically expre.ssed. In accord- 
ance with this definition it is po.ssible, though it is not the usual practice, to 
determine this number without any reference to what the individual com- 
ponents may be. This may be done, for (‘xamph*. by detennining the value of 
C in the equation when the other varialiles {F and P) an* known. If is also 
possible to arrive at the number empirically, from analysis of all the phases 
present; if they are all of the .sime composition (under varying conditions), 
the system is of one component, if the phases pre.sent can be produced from any 
two pha.ses, the system is of two components, while if inon* phai»e.s arc* necessary 
to express the composition of any om*, the number of conijionents is repre.sented 
by that number of pha.'^es. More comnionly, lutwcxcr, flic number of compo- 
nents is deduced from knowledge as to the physical or chemical changes which 
the .system undergoes. Thus if the decomposition of c.alciuin carbonate by 
heat is being studied, it is known that the plia.^es present consist of a gaseous 
pha.se composed chiefly of (’O^ with whati'ver trace's of (aC'O.) and ('aO are 
capable of volatilization, and two solid jiha.scs, (’at) and ('at'O.,. It is clear 
that from two components, most simply ('O^. and ('aO, th<‘ composition of each 
of these three phases may be expre.ssed in the usual terms of pe'rceuitage by 
weight, or in terms of other units; a smaller number (one) is incapable of (h)ing 
this. In expressing the composition of the* ^olid (’a(), the amount of ('O^ is 
zero; neither zero values nor negative values however are excluded by the defi- 
nition given. If we now consider what indimdual romponenls shall be chosen 
in di.scussing this system, it would be wisest to choo.se ('On and ('aO, since minus 
qviantities will then not enter into any statement of composition and graphical 
repre.sentation will be mo.st simple; but othi'r choice may be made, as illustrated 
below. 


Components chosen 

(aO + t’Oj 

(':i( ()3 -f CjiO 

CaCOa 4- C’Oj 

Per cent compo.sition 

0% C at) 

1560' f’iiCaj, 

0% ( a(’(), 

of Ka.seous phase 

+ 100% roi 

- .56% CaO 

4- 100%, f’O, 

Per cent composition 

100% CaO 

0% ('aCO, 

144% Caf'O, 

of quick-lime phase 

+ 0% C(h 

+ 1(M)% CaO 

- 44 %(’(), 

Per cent composition 

56% CaO 

100% ( n(‘0, 

100% raf'O, 

of carbonate phase . 

+ 44 % C(h 

+ 0% (’aO 

4- 0% (Y), 
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It happens that, in this instance, each phase is of invariant composition, but 
in some two component systems the composition of some phase, namely, a solu- 
tion, may vary from 0 per cent of component A and 100 per cent of component 
B to 100 per cent of A and 0 per cent of B. 

Tile miniber of components of a system may differ also with the conditions 
under which its eciuilihria are being studied. Thus, water is regarded as a 
one-component system because, under the ordinary conditions of experimenta- 
tion, the tliree phases found (ice, liquid and vapor) may all be expressed as 
composed of water alone; but, if temperatures are raised until the dissociation 
of water has Ix'gun, according to the eipiilibrium 

211 , + Oo 2 H 2 O, 

it would no longer be possible to express all possible compositions in terms of 
water; for, if excess hydrogen or oxygen be introduced, the composition of the 
vapor phase can be expressed only in terms of two components, hydrogen and 
oxygen, whose concentrations can be independently varied. The number of 
components then, while always definite, may vary with the condition of the 
system, and is arrived at in accordance with the definition given; the individual 
componentH may lie chosen according to convenience from among the sub- 
stances taking part in the equilibrium. 

It is uiion the basis of the number of components that systems are classified 
for phase-rule study as one-component systems, two-component systems, etc. 

Degree of Freedom (Variance of a System) : In the application of the 
phase rule, the independently variable conditions which are taken into con- 
sideration are three in nwmher— temperature, pressure, and composition. This 
restriction of the tyjies of independent variables to three is of course arbitrary; 
usually the effects of gravitation, of electrical condition, of surface energy and 
of light absorption are purposely excluded. It is necessarily tr.ue that these 
variables may have an effect upon the equilibrium existing between various 
phases, but in large numbers of cases their effect is negligibly small; in the 
cases where tlu’ir effect is large, the phase rule as here given affords but small 
help, as in the field of colloid chemistry, where surface energy is the most 
influential factor. If only these three varial)les are considered, it follows that 
when these three are known the system may be regarded as defined; that is, a 
complete statement of the properties of each pha.se is implied by the statement 
of the three variables. Thus, to state that a gaseous system contains 50 per 
cent each of carbon dioxide and nitrogen at 20° C\ and 700 mm. pressure of 
mercury, defines the system in that any other sample of these gases made up 
according to the .same conditions will be identical with the first in all properties 
except mass. 

It is however not necessary in all cases to fix as many as three conditions 
in order to define the system under oliservation, and it is preci.sely the number 
of these variables which must be arbitrarily fixed, in order completely to define 
the system, that is called the degree of freedom of that system. The mixture 
of gases mentioned above is obviously a system with three degrees of freedom, 
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since a statement of a temperature, a pressure and a concentration were 
necessary: if the system to be defined is a saturated solution of sodium chloride 
with excess solid and vapor, we need menti(»n only the desired temperature and 
pressure (two degrees of freedom), while for a system of ice, water and vapor no 
further statement of condition is necessary. The specific application of this 
principle will appear in the examples to be studied; it will suffice for the present 
to state the customary nomenclature, which is t(t describe systems with no 
degree of freedom as inrariant, those with one degree of freedom as univariant, 
those with two as bivnriant, and so on for oth(*r multi variant systmns. The 
possibility for a system to have a variance greater than three, where only 
temjieraturc, pressure and composition are the variables, lies in the fact that, 
for multicomponent systems, knowledge of the concimtration of more than one 
component is necessary in order to state* the composition: thus, in a solution 
containing three components, the composition with respect to two must be 
stated before the composition of the solution is known. 

Further Restrictions : In the application of the* phase rule eiiuation, it 
freciuently hai)pens that there an* certain additional restrictions which must 
he taken into account in the equation. The mathematical cfTi'ct of any su(‘h 
additional restriction is to decrease by om* flu* value of the t(*rms upon the 
right hand of the eiiuation F =(' - P + 2. which m(*ans necessarily to reduce 
the number of degrees of fr(*(*dom by one. This would l>e the sanu* in ('ITect 
as decreasing the number of comjxun'nts by om*, and is usually view'cd in that 
manner. An illustration will make the practice ch'ar. Jf the substanci* under 
investigation were ammonium chloride, which decom})os(*s according to the 
ecpiation 

NH4('1 — XII3 + IK'l, 

it is ch'ar that the system is a two-component syst(*m sinci*, if all possible rela- 
tionships in the gaseous jiha.se are studied, varying amounts of Nils and IK 1 
must be added, and tin* composition of that jihase cannot lx* expressed by 
fewer comj)onents than those* two. Kut, let the restriction now bi* imposed 
that the NJI3 and IK’l shall always be in the* molecular ratio 1:1; i.e., that no 
exce.ss NHa or HCl shall be added; the system may umh'r these cmiditions bo 
treated literally as a one-component syste'in .since the composition of either 
phase ma}* be regarded as NH^t’I, and will have the* number of degree's of 
freedom corresponding to a one-compom'iit system. Again, in the* study eif a 
litpiid which unelergeies the critical phemomena at its critical teunperature, it 
might appear, since we have only two jihases present, that the* system is uni- 
variant, since substitution e>f 1 for (' anel 2 for P gives /'' = !; actually heiwever 
the statement that the substance* is unde'rgoing the critical ph(‘nome*na impo.ses 
an additional restriction incluele*d in the* elefinition of the critical state, which is 
that the tw'o phases shall be identical. This restriction reeluce's the elegreies eif 
freeelom by erne and indicates that the system is invariant, w'hich means that 
the critical phenomena occur only at a fixed anel unvarying temperature ami 
pressure for a given licjuiel. This is e)f course in acceirel with the facts; the 
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omission of the added restriction would lead to the entirely false conclusion 
that the system is iinivariant and that the experimenter might therefore de- 
termine for himself at what temperature or at what pressure the liquid might 
be made to pass into the critical condition. Indeed, it is just this restriction 
which differentiates a one-component liquid at its boiling point, which is a 
state of univariant equilibrium and the temperature of which can be altered by 
changing the. pressure, from the same liquid at its critical temperature, when 
the system is invariant. 

Derivation of the Phase Rule: With the various terms of the phase rule 
discussed, a brief statement of its method of derivation may be made. The 
rigorous thermodynamic derivation which Gibbs made is abstract and difficult; 
the reader is referred to Gibbs’ papers (loc. ciL) for details, or to other extended 
treatises. ‘ The following is not given as a rigorous derivation, but is never- 
theless u.seful in showing in a general way the method of derivation which 
Gibbs used. 

It has previously been shown that the degree of freedom (F) of a system 
is the numb(!r of variables which must be arbitrarily fixed in order to define the 
system. It follows simply enough that the number of such variables must be 
equal to the total number of variables of the sy.stem minus the number of 
variables which are defined by the system itself; that is, 

F = (total variables of the system) — (defined variables). 

A numerical statement of these two terms in the equation, if it can be put in 
such fashion as to include only the number of phases and number of components, 
will give the phase rule equation. 

The total number of variables can easily be calculated. As stated above, 
they may be the variables of temperature, of pressure and of composition. 
There can be but one temperature and one pressure throughout a system at 
equilibrium, so that the temperature and pressure variables total two. The 
composition variables however may be numerous. In each phase the com- 
I) 08 ition may vary, and within each phase the number of variations in compo- 
sition is equal to the number of components less one, i.c., to (C — 1), since for 
two components we may vary the percentage composition with respect to 
one of them and derive the second by difference, and for three components by 
similar reasoning we may vary two. The total number of composition variables 
in all the phases is therefore P{C — 1), and the total number of variables of 
all kinds is greater by the two variables of temperature and pre.ssure, so that 
the total number of variables to be set in the equation above is P{C — 1) -}- 2. 

In order to calculate the second term, the number of variables defined by 
the system itself, Gibbs introduced the concept of the thermodynamic or 
chemical potential which each component possesses, and which is the intensity 
factor of the chemical energy of that component. In a system at equilibrium 
this chemical potential of each component must be the same in each phase, 

‘ Roozel>ooitt, Die hetcrogoucu Gloiohgewichtc, I, 21; Partington, Thermodynamics. D. 
van Nostrand, 1024. 
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just as for thermal equilibrium the temperature, which is an intensity factor, 
must be the same in all parts. The potential of a given component in a given 
phase is a function of the temperature, the i)ressure and the composition of 
that phase and an equation exists relating the potential to those three variables.^ 
A similar equation exists for this same component in each other phase, giving 
a number of equations equal to P; but since the potential is the same in each 
case, it follows mathematically there will be only P — 1 independent equations 
for that component. The fact that these ecpiations may have a form and 
value unknown to us is of no importance; the e.'^sential is that there are P — 1 
relationships which actually define the potential of that component in the 
system. Since what is true for one component is true for all, there are C{P — 1) 
relationships existing in the system which define the chemical potential of all 
the components, and hence define the equilibrium. 

It remains only to insert these two terms in the ccpiation given above: 

F = [P(C - 1) + 2] - [r(/* - D] = C - P + 2. 

8ystem.s of One Component 

When a system consisting of a single* component is considered, it follows, 
by substitution in the pha.se-rule eepiation, that it is bivariant if it exists in 
but one phase, univariant if it exists in two phases, and invariant if it exists 
in three. Since the number of phases cannot be le.''S than one, the degree of 
freedom of such a system cannot exceed Invariance. The indejiemh'nt variables 
are limited to the pressure and the temperature, since all jihases are alike in 
composition.* If it is assumed that such a system can have but one vapor 
phase, one liquid phase, and one solid jiha'^e, the following classification may 
be made, in which the symbols 1, L, and S stand n'spectively for vapor iihase, 
liquid pha.se and solid pha.se: 

Uiv.'ifi.ant I’niviiriaiit Inviiriunt 

I' L + V 4- /v + r 

L -f- 1 

.S L + ‘S 


More than a single vapor phase cannot be present, since gases or vapors are 
always mutually .soluble, and more tliaii a single liejuid phase is also unknown, 

‘ It is worth notiiiK that the artiial mass of the phuM- plays no jjart in tfie e<iuution, and 
hence has no influence upon the equilibrium. Thn is a fumlamental feature of heterogeneous 
equilibria. It was recognized iM'fore the statement of the ])ha.se rule, and finds expression 
for example in the well-known tenet that in mass-law equilibria the “ active mass ” of the solid 
is constant. 

* This statement i.s true only in a re.strieted sense. The amount of material per unit 
volume, or density', of course ^'aries from pha-se t<» phase, and the density (or specific volume) 
may therefore lx? regarded a.s a third independent variable. The familiar diagram f)f the 
pressure-volume relations of the gaseous and liquid state, showing the equality of volumes 
at the critical point, is the commonest example in which the volume is treated as an inde- 
pendent variable. 
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though it Ih possible to regard liquid crystals as constituting a second liquid; 
of solid modifications (polymorphic forms) there may be a large number. If a 
second such solid form exists, the number of possible equilibria is increased by 
seven, since it can exist alone or in contact with each of the other three forms 
or in contact with each of the three combinations of two forms; the existence 
of a third solid form will of course increase the number of possible systems 
still more largely. It does not follow however that all of these systems which 
may be conceived as algebraical possibilities shall be capable of experimental 
realization; sometimes such efpiilibria can be shown to be necessarily false, 
and in many other cases the experimental requirements of temperature or 
pressure cannot be met. Nevertheless, the number of such typical systems 
which have been studied is very large, indeed much too large for systematic 
treatment within the limits of this chapter; still le.s.s will it be possible to 
illustrate all ])os.sible types of equilibria for tw'o-component or multi-component 
systems. A few examples of the l)etter known one-component, two-component 
and three-com|)onent .systems will be discussed, with whatever generalizations 
imiy be drawn from tlnun; for more exhaustive study, the student is referred 
to any of th(‘ .several treatises on the pha.se rule.‘ 

Water: In jiroceeding to a study of this substance, it will be simplest if we 
recount th(‘ well-known facts with reference to its occurrence in different pha.ses 
and then interpret them in terms of the pha.se rule. These outstanding facts 
are that the licjuid lias a vapor pressure which increa.ses with the temperature 
(amounting to 700 mm. of mercury at 100°, which is its boiling point) until the 
temperature reaches 374° C., at which point it undergoes the critical phe- 
nomena; that, u{)on cooling, it freezes to form ice at 0° under atmospheric 
pressure, which .solid al.s(> has a small but measurable vapor pressure; and, 
lastly, that this freezing point is lowered by increased pressure. The state- 
ment of the.se well-known facts implies the following phase equilibria: (1) 
liquid water and its vapor, in which the vapor pressure increases with the 
temperature, (2) ice and vapor, in which the vapor pre.ssure and temperature 
bear a similar relationship, (3) solid and liquid, in which the melting point 
decreases with iires.surc increase, and (4) solid, liquid and vajior, existing to- 
gether only at a fixed temperature of approximately 0° C. In the.se four 
equilibria, iiressure and temperature are the only variables mentioned; in this 
system tlu're can be no variations in compo.sition, since each phase is wholly 
water under all conditions. The quantitative data for these relation.ships 
are given in the following table. 

The same data are shown schematically in Fig. 4, in which the pressure is 
written as ordinate and the temperature as abscissa. Three curves result, 
representing the three univariant equilibria. The curve COtc, which will be 
discussed first, represents the equilibrium between liquid water and vapor, and 
is the so-called vapor pressure curve for water. For every temperature there 

’ Dio hotcmnonon CiloiohKowiohto. Braunsohwoift; vol. 1 and 2, I by Rnozeboom, 1901 
and 1904 ; 2. II by Huohnor, 191S, 2, III by Aton, 1918, 3, I and II by .Sohreinemakers, 
1911 and 1913. Tlio I’ha.so Rulo, by Hanornft, 1897. The Phase Rule and its .Vpplica- 
tions, Findlay, 1923 t,oth edition). The Principles of the Phase Theory, CIibl>en'<, 1920. 
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TABLE XII 


Equilibrium Pressures for Water 


Temp. C. 

Water -f Vapor 

Ice + Vapor 

Ice -f- Water 

L^V 

.S^ V 

N L 

- 20 


t).770 mm. of Hg 

1970 kg. per mj. cm. 

- 15 . 


1.237 

1590 

- 10 .... 

2.144 mm. of Hg 

1.947 

1130 

— 5 



010 •* " “ 

0 

4.579 “ “ “ 

4.579 

1 atnios|)hero 

+ iJo 

17.539 



+ 100 . . . 

700.00 



+ 2tK) 

15.3 atmospheres 



+ 300 

84.0 



+ 374 

217.5 




('xi>ts one pressure, and only one, 
wliich can be exerted by the system, 
and for each pressure one tempc'ra- 
ture and only one at which eiiuilib- 
rium can be maintained, which is 
siiiijily the more len»:thy way of 
statine; that the system consisting: 
of licjuid water and vapor is uni- 
variant, and that the selection of a 
temperature defines the pressure or 
the selection of a pressure defines 
the temperature. This will be rec- 
ognized, aKo, as a restatement of the 
long-known fact that the vapor 
jiressure of water dej)ends only upon 
the temperature. If, however, at a given tcmiierature, a pressun' is maintained 
above that indicated on the line Ot,, th(‘ vapor will lx* compres.sed wholly into 
the li([uid phase; or if the pressure is maintained below the equilibrium pressure, 
the liquid will wholly evaporate. 

Our iiifuiination al)out the vapor ton-'ion (•ur\r COtr niiKlif lx* oullod complcfj* if wo woro 
in position to stato its oriKin, its torminus, and it'i position at all intorinodiato points. In 
the cafie of water. v\e ha%e a larne ]»art of fins nifonnation. Curofnl oxporiinental moaunre- 
nients of the vapor pres.surc have been made 1)\ a larne number of investigators, and may 
be found in the tables of phjsieal eoustants. Were we not in possession of this material, 
however, we could at lea.st determine (iualitati\el.\ that the curve rises with the temperature 
by the api>lication of the xan’t Hoff law of mobile eipiililirium, which, with Le Chatelier’s 
theorem, is the handiest tool in the aiiplication of the tdiase rule, d'he rhanne of Ihiuid into 
vapor is an endothermic change, and hence by ajiplication of the rule, the eipiilibrium will 
be moved in that direction by a rise m temperature. Further, the C'lapeyron-fdausius 
thermodynamic equation 

^ -L- 
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in which X is the heat of vaporization and AF the change of volume on vaporization, 
the slope of the curve. 

The upper end of the vapor-pressure curve for water, or indeed for any liquid, is the 
critical point tr, which has f)een discussed in an earlier chapter. Study of the two phases, 
water and vapor, shows that, as the temperature and pressure rise, the liquid becomes less 
dense and the vaj)or more dense, and the heat of vaporization becomes less and less; if the 
temperature rise he carried far enough, the two j)hases will become of the same density and 
the heat of the change will become z(‘ro; f)r, in other words, the two phases will become 
identical upon reaching this critical state. In general terms, the critical state is that state, 
approaching which coexistent i)ha.ses approach hlentity, and at which they become identical. 
For water, the critical temperature is 374° and the critical pressure 217.5 atmospheres; 
it is an invariant point, siru'c neither pre.s.sure nor temperature may be altered. As previously 
exiilained, the a<lditional re.striction that the tw'o pha.scs shall be identical puts the occurrence 
in accordance with tlu' j)ha.se-rule e<iuation. Above this temperature and pressure, water 
exists in a state for which no giuieral name has as yet been adopted; the distinction between 
the licjuid state and the ga.seous state has vanished, and the areas V and L in Fig. 4 pass into 
each other without discontinuity. 

Passing to tlio lower .section of the vaporization curve COtc, the point 0 
represents the ternpernture at which water ordinarily freezes. With sufficient 
care however water nuiy Ite cooled considerably below this temperature without 
the formation of ice, and from such experiments a prolongation OC of the vapor 
pressure curve has been drawn to represent the still perfectly definite rela- 
tions of firessure to temperature. The extent of this prolongation is, however, 
indeterminate; the point C therefore repre.sents no definite end to tlie curve. 
Througliout the whole course of the .section OC the .system water + vapor is 
metastable, in that it will, on contact with a nucleus of ice or sometimes without 
such contact, change into the .system ice + vapor; the irrever.sibility of this 
change will appear a little later. 

The curve OH in Fig. 4 rcpresenls (he e(iuilibrium curve for ice plus vapor, and is spoken 
of iiH the vaiior i)re.s.sure curve of ice or .sometime.s us it.s sublimation curve. Its lower end 
B is nssunied to be at tin* absolute zero of temp<‘raturo and the application of van’t Hoff’s 
law would again indicate pressure increase with inerea.so of temperature The ('xiierimental 
liguros for this curve, .some of which are given in column 3 of Table XII, place the curve 
below that for water + vapor {OC) throughout its course, but its steeper curvature brings 
about an intersection of the two at a tempi'rature very close to 0°. The positions of the two 
curves OH and OC may Ih* used to explain the stability relationships of the two .systems. 
If, at some constant lemtierature below that of the point 0, ice is set in one ve^^el and water 
in a second under a bell-jar, the vapor i)res.sure of the system water + vapor will bo greater 
than that of the other, and as a result v.apor jia.ssing from the Ihiuid will solidify upon the 
ice until the liipiid has entirely disappeared. In .such a ca.se it is obvious that the unstable 
system is tin' .system with the higher vapor pre.saure. 

The intersection of the two curve.s at the point 0 repre.^sent.s a new equi- 
librium. Ice and vapor are in equilibrium, water and vapor are in equilibrium, 
and the vapor is the same in pressure in both case.s; it follows then that ice and 
water must also be in equilibrium, and the curve repre.senting that equilibrium 
(OA) must pass through tJie point 0, which is therefore the intersection of 
three curves. Hoozeboom first suggested that such a point be called a ‘“triple 
point.” It represents an invariant condition, in which neither pressure nor 
temperature can be changed without the elimination of a phase. The temper- 



HETEROGENEOUS EQUILIBRIUM 


379 


ature and pressure corresponding to this triple point have lx‘en carefully de- 
termined ; the pressure is 4.579 mm. of mercury and the temperature + 0.0075®. 
(The occasion of this variation from the commonly accepted freezing point of 
0® will be explained a little later.) At this temperature and i)re.ssure, and only 
here, can a system consisting of water t)e maintained in the tliree coexisting 
states of ice, liquid and vapor. 

The triple point 0 has been shown to be the origin of the curve OA, re])re- 
senting the equilibrium between ice and liciuhl in the absence of vapor. It has 
long been known ^ that the melting point (tf ice, tliat is. the eipiilibrium temper- 
ature, is altered by pressure. Whether an increase of pressure will raise or 
lower the melting point may be easily deduced from L(* ('hatelier's theorem; 
increa.sed pressure will shift the eijuilibrium in the direction which reduces the 
pressure within the system, which is in the din'ctinn producing smaller volume, 
and since, in the case of water, the liquid has a smaller volume than the solid 
(i.e., is denser), increased pressure at constant temperature results in liquidying 
ice. The curve OA is therefore inclined upward toward tin* pressure axis, so 
that at any temperature represented upon it an increased prc'ssuro (measured 
upward) brings the system into the region of li(|Uid aloiuq or, otherwise stated, 
tlie freezing jioint is lowered by increased pressure. 'I'he curve is not a straight 
line, but is slightly concave toward the pressure axis; a few of the corresponding 
pressures and melting points are given in Table XII, column 1. 

Before eoiiMderiiiK tlie extrusion of the (•ur\e OA townn! \er\ hmli |)res.suies, it will 
he well to eoini)aie Fik- 4 with oui e<iminon knowledur* of the t)elm\ior of water, nixni which 
we hioe huilt oui discussion In one lauticul.ar, the hnuM* difTeis from oor usual lahotijtoty 
experience, in laboratory ]>ractice th«' free/,in>r point rif water is taken tis c'xactlv U , whereas 
in our discussion we h.'oe stated it to he + 0 007.>“ latie .> of lahle XII .shown for U a 
lack of agreement in the iuchmik's of the thie(‘ iiiono\ ai lant (Miuilihria. We liave hen', 
however, no contradictions to the jihasc rule to <‘\|»lain, nor evcai inexact dat!i to exciini', 
the exiilanation H that our data and our discussion an* api»hcahh* to syntenis consi.sliiiK i)f 
water alone, in w Inch the pres.sure is that c.aiised h\ water \ apor, while our l.alxtratoi v tiract ice 
is carried out in ojien vessels in which a second eoniponent is present, nanu'lv, air, ami in 
which a constant ])re.s.sure of one atmosphere is exei ted. .Since a secoml i'oini)om‘nl is prc'scuit, 
a system consisting of ice, water, and the >:as |»h,»se is not iinariant, as ma\ he seen hy suh- 
stitution in the pliase-nile equation, hut is unnaiiant, and there can he any numher of 
temperatures at which the system can exist with correspomliiiK pn'ssuies. Actually, how- 
ever, the effect f)f the air as an athlcd component is not irreat. since it is prohal>lv not presmit 
at all in the solid pha.sc and its solulnlil v m tlu' iKpiid is not larire More impoitant, Imwi'ver, 
is the fact that its presence puts tlie system umler a pressure of one atmosiihere insti'ad of 
the .small vapor jiresMire of water, and in acconlance with the n-asonimr already used the 
meltiiiK point of the ice i.s depresse<l from f U tKiTA''' to U° The x apor prc.ssures are of course 
also affected slightly hy the channe in temperature ami composition, Init the difference is 
very small. To .state the facts as succinctU a.s possilde, -|- U.(M)7rj° is the triple i>oint for 
the one-component invariant sy.stern. ice. water ami vapor, ami the corresponding vapor 
pressure is 4..i79 mm., 0° i.s the eqiiililnium temperature in the t wo-eornitoiient .system con- 
slstiiiK of water and air. where the phases are ice, aqueous solution of air and vapor phase 
and the total pressure is one atmosphere.* 

> Janies and William Thomson. Tra-in. Rou- -Sec. Edm., 16, 57.5 (1849); Proc. Roy. Soc. 
Edtn., 2. 2G7 (1850). 

* More strictly speaking, water and air make up a multi-component system, .since the 
air does not dissolve as such in the liquid, but gives to the water concentrations of oxygen. 
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The freezing point of water ia one of our beat known fixed points and is a standard tem- 
perature used in the marking of thermometers. While not independent of the pressure, it 
varies no slightly that fluctuations of barometric pressure such as occur with changes of 
weather are negligibly small. Any triple point in a one-component system, or more commonly 
any one-con)ponent sol id-1 icjuid-vapor complex in the presence of air at 1 atmosphere pressure, 
is in principle suitable for the standardization of thermometers; in practice certain invariant 
systems of two components (air not f)eing considered) are found more convenient, consisting 
of a salt and water and giving rise to very accurately determined eutectics and transition 
points of a hydratfs to a lower hydrate or to the anhydrous form ; examples will be given later. 

Returning to the fusion curve OA, it has been found that at high pressures 
there exist several polymorphic forms of ice, differing from the common variety 
in density, heat of formation, crystalline .structure and other physical properties. 
Tammaiin * was the first to discover that, at sufficiently high pre.ssures, new 
modifications of ice appear, and his work together with that of Bridgman* 
gives a fairly complete picture of the phase relations which exist. There are 
at least five polymorphic forms of ice, known as ice I (the common form), ice II, 
ice III, ice V, and ice VI, the positions of which in the p — t diagram are shown 
in Fig. 5. The relationships of ice IV are not clearly known, and it is not in- 



Temp. 

Fuj 5. p.-t. Diiigraiu for Water at High I’rossuros 

eluded in the sketch. Kach of these five forms has definite limitations of 
pressure and temperature within which it can exist as a stable form, at the 

nitrogen, argon, rarl)on dioxide, etc., dei)ending upon their solubility and their partial iiressure. 
Since the principal effect of the air ia due to its pres.sure rather than to the components which 
it adds, this further complexity may Ik* neglected. 

• Ann. Phi/nik., (l) 2. 1 and 424 (IIKK)); Z. physik. Chem., 72, OOt) (1010); 84, 2.57 (1913); 
88, 57 (1914). 

anorg. Chetn., 77, 377 (1012); Proc. Nnt. Acad. Sci., 47. 441 (1912); Z. physik. 
Chem., 86, 513 (1914). 
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boundaries of which it can exist in stable equilibrium with other forms and 
outside of which it can have^only meta.stable existence. These boundary 
curves represent univariant equilibria, in the same sense as the curves studied 
in Fig. 4; the experimental data for the.se curves will not be given here, but may 
be estimated approximately from the figure. Wherever three such boundary 
curves meet there exi.sts a triple point, at which three phases coexist at the 
invariant temperature and pressure indicated. These triple j)oints are of 
course all at pressures at which the va]H)r phase cannot exist, and consist of 
vjirious combinations of two solid phases with the licpiid and of three solids 
with each other. The entire list of such invariant e(iuilil)ria is given in Table 
XIII in the order of increasing pres.sures, including the triple point for ice water 
and vapor previously discussed. 
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Of tlie various univariant eipiilibria, we will s(‘l(‘ct for qualitative study 
those in which liquid and a solnl are the co(‘.\iMing jihases, indicated by the 
curves OA, AF, FG, and (ill. The curve OA has already Ix'eii discussed, and 
Its inclination toward the pressure axis shown to be in acconl with be ( liatelier s 
theonun. The freezing jioint is depresseil as the jire^sun' is raised until a 
inininium temperature of — -2° is reached at a pri'ssure of 211.) atmosphere's. 
The temperature can now no longer b(' lowe'red, whatever thi' pressure', without 
cau.sing the liquid to solidify comph'tely; v\(' may therefore consider - 22° as 
the minimum freezing point of water under any s('t of eepiilibrium conditions. 
If we now raise the pressure, a transition of ice 1 into ice 111 occurs, and unlike 
the transition occurring at 0, it is marked by a decrease in volume; moreover, 
the new phase, ice III, is den.ser than water instead of less dense. If we now 
apply Lc Chatelier’s theorem, we will d(*diice that an increase of iiressure will 
raise the freezing point, so that the (aiuilibriuni curve for ice III and water 
must slope upward away from the prc'ssun' axis, as shown by the line AF, 
Equilibrium temperatures therefore rise with the pressure until at F a new 
triple point is met and ice III is transformed into ice V by increase of pressure; 
the new' equilibrium curve FG has a still more marked slope toward the right 
until it reaches the triple point 6', at 6380 kgm. pressure and a temperature of 
+ 0.16°. At this high pressure the freezing point of water (forming ice V or 
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icp VI, of course, and not ice I) is very close to its freezing point at 1 atmosphere 
pressure. The equilibrium curve GH now inclines still more sharply toward 
the rif^ht, and has been investigated by Bridgman up to pressures of 20,000 
kgrn., at which the freezing point of water is + S0°, Of the four equilibrium 
curves for solid and liquid, but one (OA) slopes toward the pressure axis, be- 
cause the specific volume of ice I is greater than that of liquid water; the other 
three incline away from the pressure axis, because ice III, ice V, and ice VI have 
each a specific volume less than that of water. 

With tliiH riiufh of Hpocifie discu.sHion of the application of the phase rule to water, we 
inay hc(> whether some of the relationships learned may not lie niven a more generalized 
treatment. The simple diagram (Fig. 4) may now be looked upon as a diagram for any 
systcni of one component in the neighborhood of the triple point for solid, liquid and vapor; 
the only differencqs for any system will bo in the numerical values of the ordinates and 
abscissa', and iti th(! slopes of the three curves. The vapor pressure curve Otg will always 
rise with the tcunrx'ruturc. though its slope may be greater or leas than that for water, and 
will extend from the triple point up to the critical temperature and pressure, fd it will have 
a motastable prolongation Or which may be either short or long, depending upon the character 
of the liquid, more particularly upon its viscosity. The so-called amorphou.s condition of 
Hubstances is nigarded simply as the undercooled li<iuid in equilibrium with its vapor, as 
indicated by this metastable prolongation. 8uch amorphous bodies may show a most 
astonishing persistence in the metastablc condition, even in the presence of the stable form; 
it is believed that, sufficiently far below the triple point, the rate of transformation becomes 
very slow because of the viscosity of the liquid and more particularly because of the dimin- 
ishing number of nuclei from which the crystallization might spread. The vapor pressure 
curve for the solid, BO, will also rise with the temperature in all cases, the fate depending 
upon the nature of the particular substance. It will lie below the mctastable curve OC, 
and will terminate at the triple point 0, since metastable existence of a solid above its melting 
point in a one-component system has never been observed. The curve may have one or 
more transition points upon it at which it changes its direction discontinuously, if the solid 
exists in several polymori)hic forms, just as in the curve OAFGH in Fig. 5; a discussion of 
polymorphism is reserved for a later point in the chapter. The fusion curv’e OA and its 
continuation may slope upward either toward or away from the pressure axis according as 
the solid phase is less dense or more dense than the Ihpiid, and may change its direction at 
any point, depending upon this relationship. Metastablc prolongations of the curve below 
0 are \inknown. The question as to the further end of the fu.sion cun-e is a matter of con- 
jecture. Ostwald believes that it ends in a critical point for the solid-liquid phases, at which 
the two have the same den.sity and a zero heat of fusion, lloozeboom and Tammann incline 
to a belief in a imu’h less simple hypothesis, according to which the fusion curve eventually 
inclines toward the i)ressure axis and de.scribes more or less completely a closed circle, above 
which the area for the liiiuid phase is continuous. Experimental data arc not complete 
enough to give any certainty as to the complete curve. 

Treating the diagram of Fig. 4 as a general case, it is instructive to deduce 
the effect of changes of pressure or of temperature such as can usually be ac- 
complished with little experimental difficulty. Let us consider the changes 
which will occur if such a system is taken at a temperature below the triple 
point and a pressure above it, as represented by the point a in the diagram, 
and then subjected to continuous addition of heat while the pressure is main- 
tained constant; the results can all be deduced by following the phase changes 
along a line of equal pressure, ah, called an isobar. At a the system consists 
of solid alone, and addition of heat will bring about no changes except a rise 
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of temperature and an infcrease of volume until the system roaches a condition 
represented by the infersectioii of ah with O.-l ; here the solid bejijins to melt, 
and the temperature remains constant until the solid lias completely liquefied. 
The liquid now rises in temperature again up. to the point of intersection of 
the line ab with Otr, at which point it begins to vaporize and maintains a 
constant temperature until the liquid has comjiletely changed to vapor. This 
evaporation of a liquid at a vapor pressure eciual to the total pressure exerted 
iqion the system is the ordinary process of boiling, and the intersection of the 
line ab with Ot^ is the boiling point; since <ib is drawn at any arbitrary height, 
it follows that the boiling point is always arbitrarily determined by the pressure 
under which the system is standing. In ordinary laboratory practice our 
procedure differs from that sketched above only in that air is usually present 
either at atmospheric pressure or at a reduced pressure so that vapor of the 
liquid will be present in the vapor phase within the areas marked *SI and L in 
the diagram. If now the experiment be repeated with ah taken at some jires- 
sure below the triple point 0, the changes are fewer; where the intersection with 
BO occurs, the solid vaporizes completely without change of temperature and 
the process is spoken of as sublimation. If for example the substance taken 
be solid carbon dioxide and the pressure 1 atmosphere, our .second ca.se is 
exactly described, for the triple point 0 is at a pressure of .5.1 atmospheres and 
a temperature of — 56.7® the isobar ah drawn at 1 atmosj)here pres.sure inter- 
sects the curve BO at — 78.3®, at which temperature the solid will remain until 
sublimation is complete, giving a very simple and convenient method of securing 
a constant low temperature. Ice, in order to be sublimed without melting, 
must be maintained under a pressure lower than 4.0 mm., the pressure at its 
triple point; and iodine, which melts at 1 14° and a pressure of 1)1 mm., must be 
maintained below' that temperature and pre.ssure if melting is to be excluded. 
In the latter case, for laboratory sublimation the process is usually to maintain 
a constant temperature of 100® at atmospheric pre.ssure, allowing the vapor 
to diffuse outward until it meets some cool surface upon which it solidifies; 
this is a proce.ss of evaporation rather than sublimation, in that the constant 
temperature is maintained by the environment whereas in true sublimation the 
environment is at a higher temperature and the constant ajul lower temper- 
ature of the system is fixed by the pressure* and maintained by means of the 
negative heat of vaporization. 

The result of changing the pressure at constant temperature can be deduced 
by following a line drawn parallel to the jeressure axis, and called an isotherm, 
or isothermal line. If, for a system rej)re.sented by Fig. 4, the isotherm be 
drawm at a temperature just below' the point 0, the system w'ill be wholly 
gaseous at low pressures; as the pre.ssure is raised its volume will diminish until 
when the intersection with the line BO is reached the vapor completely solidifies 
without increase of pressure; w'hen the intersection with theciirve OA is reached, 
the solid will melt completely without increa.se of pressure. If the isotherm is 

‘ Thiel and Ca.spar, Z. physik. Chem., 86, 2.57 (1914). 
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drawn above the point 0, a single change from vapor to liquid will occur at 
the pressure of the intersection with Ot,. 

Sulfur: Sulfur is commonly known in two crystalline modifications, rhombic 
sulfur and monoclinic sulfur; these have a transition temperature (96°) at 
which they are in equilibrium with each other. Each possesses a melting point, 
that of tlie rhornliic being approximately 114° and that of the monoclinic about 
120°. The liquid form of sulfur undergoes some rather remarkable changes in 
color and viscosity when heated, and boils at 444.7° C. On rapid cooling of 
very hot molten sulfur a brownish gum is obtained, called plastic sulfur, which 
slowly changes into a hard brittle substance, while if sulfur only slightly above 
its iiK'lting point is quickly cooled, the yellow substance is at once formed; 
these two quickly cooled products differ considerably in their solubility in 
carbon disulfide, the latter being much the more soluble; they contain varying 
amounts of a (juasi-solid called amorphous sulfur. These are the commonest 
facts about the substance, wliich we shall proceed to relate in accordance with 
the phase rule, although it is only fair to state tliat by no means all the rela- 
tionships are known or classified. 

Tliese relationships are shown qualitatively in Fig. 6. The right-hand 
part of the diagram (curves OP, HE and BC) will be recognized as nearly 
duplicating the diagram for water; OB is the sublimation curve for monoclinic 
sulfur (univariant e(iuilibrium Sm ^ * V), BE is the vapor pressure curve for 
li(iuid sulfur (univariant ecpiilibrium L - I'), and their intersection at B is 
the triple point for the invariant eciuilibrium *SV — L — F, the temperature 
being 120°. BC is the fusion curve for monoclinic sulfur; since the solid form 
is denser than the licjuid, as is the case in the majority of instances, the curve 

slopes ui)ward away from the pres-.^ 
Mire axis. At C there is a »e-56hd 
triple point, at which rhombic sul- 
fur, monoclinic sulfur and liquid are 
in equilibrium; the temperature is 
151° and the pressure 1320 kgm. 
per sip cm. the curve CD is the 
fusion curve for rhombic sulfur. 
For relationships not met with in 
the study of water we look to the 
left of the diagram, where we find 
the curve AO indicating the vapor 
pressure of rhombic sulfur. The 
point 0 is the transition temper- 
ature of the two solid forms, 96°, 
and is a triple point at which the 
two solids and vapor are in invar- 
iant equilibrium; it is also the 
I- 10 . 0. M. Diagram for Sulfur (Schematic) intersection of the CUrve 

» Tammann, IFicd. Ann., 68. 675 (1899); Ann. Physik., 3, 178 (1900). 
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OC, which is the transition curve of the two solids. Since the two solids 
alone make up a uni variant system, it follows that the transition temper- 
ature must vary with the pressure. Arguing backward from the diagram 
to the facts, it may be deduced from the slope of ()(\ by Le Chatelier’s theorem, 
that rhombic sulfur is more dense than monoclinic; the deiiMties are 2.04 and 
1.93. The greater slope of the curve OC brings about its intersection with liC 
at the triple point C already mentioned. This series of curves, if drawn to 
accord with the experimental data, makes a division of the entire pre.ssiire- 
temperature diagram into four areas, one each for the vapor, liipiid sulfur, 
rhombic sulfur and inonoclinic sulfur; the area for the stabli* existence of mono- 
clinic sulfur, OBC, is completely enclosed by the other three. 

In addition to the stable equilibria discu.''sed above, there are several meta- 
stable equilibria indicated by the dotted lines of Fig. b. With the metastable 
vapor-pressure curve of the licpiid, lih, we are already familiar from our study 
of water. In the metastable curve Ob, the prolongation of .10. is represmited 
the possibility of heating a solid above its transition point into a second solid; 
this phenomenon is extremely common, and is uiupiestionalily connected with 
the fact that the rigidity of solids retards the iiKtlecular rearrangements neci's- 
sary for a change in crystalline form. The inbusection b will lx* recognized 
as the metastable melting point of rhombic sulfur, fouml to be at about 11 F, 
but doubtless with some error, as will appear latm-. From this melting point, 
which is of cour.se a triple point, the imdastable fusion curv(‘ {b(') of rhombic 
sulfur into licpiid runs upward to (\ above which it is continiu'd as tlie stal)h‘ 
fusion curve CD mentioned earlier. 

Tlio ('(niilihriii iiulicatnl iii tli<‘ (iianratn air mm ii (<> l«‘ iimncioas. 1 lien* an* four Iii- 
variant f*(iuilibna, repn’.seiitod m IIk* dianrain l»\ areas witlun which a miii^Ic jiliasc can exist 
and within which hath the teini)eiature and thi* |iiess>ne ina\ lie \aried, then* aie six uiii- 
variant cciuililiria, reiiresenteil !>> lines. indieafiiiK two eo<‘XistiiiK phases, which inav have 
< it/icr temperature or pressure X ari(*d at will, hut not both, and finally there are four invariant, 
e(iuihbria (one beinn mefastable), lepiesented 1>\ the |)oinls of interwetion and indicating 
that the thr(*e eoe.xistinK phases can ha\e neither teiiiperatuie nor pressure alU'red. i he 
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PaHsing to a consideration of liquid sulfur, its peculiar properties have been 
studied and explained chiefly by Alexander Smith ^ and his coworkers, who have 
established that in the liquid state, as also in the vapor state, sulfur consists 
of two forms in dynamic equilibrium; to these Smith gave the names sulfur 
lamlxla (8x) and sulfur mu (S^). These differ in their molecular weight, Sx 
being of the formula Ss and Sp having a lower molecular weight, probably corre- 
sponding to S 4 . Such dynamic equilibria of liquid or gaseous substances are 
of course well known; we meet instances in the various cases of tautomerism, 
and even as simple a substance as water in the liquid state consists of various 
isomers such as monohydrol (H 2 O), dihydrol (H 20 ) 2 , etc., in equilibrium. The 
peculiarities of the sulfur equilibrium however, to which we may ascribe most 
of the behavior in which it differs from other substances, are two in number: 
first, the unusual character of the equilibrium curve, and secondly the relative 
slowness with which the equilibrium Sx ^ Sp is established, making it possible 
to maintain and study the system in mctastable equilibrium by sudden drop 
in temperature or by use of negative catalysts (SO 2 being very effective) as 
well as to study true equilibrium mixtures, using positive catalysts such as 
ammonia, if necessary, to accelerate the attainment of equilibrium. The 
figures for the composition of liquid sulfur, as obtained by Smith, are as follows; 
later work by others has given data differing from Smith's by a few per cent 
only.^ 

TABLE XV 

Dynamic Equilibrium: Sx and 


Temjierature “ C 130 140 150 160 170 180 200 220 240 310 448 

% Sp 4.2 5.0 6.7 11.0 18.7 22.5 27.0 29.4 .33.0 32.6 34.1 

% Sx .95.8 94.4 9.3.3 89.0 81.3 77.5 73.0 70.6 07.0 67.4 65.9 


When these data are plotted (Fig. 7), it appears that the most rapid changes 
in composition of the liquid occur between 150° and 200°, and if more narrowly 
scrutinized, between 160° and 170°. Now, if we consider the contrast in the 
properties of pure Sx and Sp, we shall be in position to understand the striking 
changes which the liquid solution undergoes at about 160° to 170°. Sx is light 
yellow in color, of small viscosity and soluble in carbon disulfide, while Sp is 
dark brown in color, quite viscous, and insoluble in that solvent. Liquid 
sulfur at lower temperatures, consisting largely of Sx, will therefore have a 
color and viscosity nearly that of that pure substance; if heated to 160°- 170° 
or above, the considerable increase in the proportion of Sp gives the liquid its 
well-known dark color and high viscosity. Let us now assume a mass of molten 
sulfur at some high temperature, where it contains some thirty per cent of Sp 
to be suddenly cooled by pouring into cold water; the proportions are but 

‘ Smith and others, J. Am. Chem. Soc., 27 , 801. 983 (1905); Z. physik. Chem., 42 , 469 
(1903); 52 , 602 (1905); 54 , 257 (1906); 57 , 685 (1907); 61 , 200 (1907); 77 , 661 (1911). 

* For brovity’.s sake no reference is made here to the existence of the third dynamic 
isomer, Sir, whoso existence has been shown by Aten and confirmed by Beckmann et al. 
(2. anorg. Chem., 103, 189 (1918)). For a bibliography of the work on sulfur up to 1918, 
see vol. 2, part III of Rooieboom's Die heterogenen Gleichgewichte, issued by Aten in 1918. 
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slightly altered by the change, in accordance with the observed fact that the 
speed of the reaction is low, and the plastic sulfur thus obtained is a brown 
viscous gum, which is to be regarded simply as the undercooled solution of the 
two forms. If it is treated 
with carbon disulfide, the sol- 
uble Sx is extracted and the 
residue is undercooled S,,; it 
is considered to be the amor- 
p h 0 u s form of sulfur. 

Being metastable at these 
low temperatures, it will in 
time change into the stable 
form, which is rhombic sul- 
fur; as shown in Fig. G. If 
the liquid chosen for cooling 
be taken at a temperature 
below 100®, the proportion 
of insoluble sulfur present 
is small, and the material ob- 
tained by chilling is chiefly 

soluble crystalline sulfur. 

On a theory that the solid • 

phases are not composed of a P8rC6nt 5^-1 ID LiQUicI 

single form, but are, like the Pkj. 7 _ Ivuulihrium Sx • in Licjuid Sulfur 
liquid, equilibrium solutions 

(that is, solid solutions), Smits ‘ has suggested a diagram into which all the 
forms can be fitted. 

^ The fact of the slow estalflishment of eciuilibrium in the liquid phase lea<ls 
to some important considerations relative to the melting point of sulfur. A 
melting point is the temperature of ecpnlibrium between the solid phase and 
the liquid phase, under the pressure of tin* system. Disregarding the matter 
of the small effect of substituting atmosj)heri(; pressure for the pressure of the 
system, it is clear that as many as three e(|uilil)ria may be involved: (1) ecjui- 
librium icithin the liquid phase, if it is capable of existing in two or more forms 
between which changes can occur, (2) ecpulibrium between the li(juid phase and 
the solid phase, and (3) equilibrium within the solid j)hase, if solid solution of 
two oj more forms exists. It is logically a necessity that, while only one equi- 
librium temperature is possible when all three equilibria liave been attained, 
an indefinite number of temperatures is possible if any one or two of the equi- 
libria have not been reached. Leaving out of consideration, for simplicity, 
the possibility of metastable conditions in the solid phase, we see that possi- 
bilities of complications in the liquid phase may frequently occur. In our 
study of water it was unnece.ssary to consider this point, inasmuch as the 

‘ Z. phystk. Chem., 83. 221 (1913) . also Die Thoorie der Allotropie (Barth, 1921). English 
Translation by Thomas, Longmans, Grwn and Co., 1923. 
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dynamic eciuilibrium between monohydrol, dihydrol, etc., is attained instan- 
taneously in the liquid state; liquid water is therefore always in the same condi- 
tion at a given temperature, and more than a single freezing point (pressure 
being assumed constant) is not found. But, in the case of liquid sulfur, 
the liquid phase may have present, according to its history, proportions of Sx 
and widely different from the true equilibrium quantities, because of the 
slowness with which equilibrium is reached, and the equilibrium temperature 
with tlie solid phase, or melting point, may vary from that of pure Sx in contact 

with solid to that of a solution contain- 
ing a large proportion of The 
melting points thus obtained are plotted 
in Fig. 8. The line AC represents the 
melting point curve for monoclinic sul- 
fur and DF that for rhombic. On 
these curves there are four points of 
especial interest; these are the two 
melting points in contact with pure Sx 
and S^, which have been called the ideal 
melting points {A and D), and the twr> 
melting points in contact with the true 
C(iuilibrium proportions of Sx and S^ in 
the liquid phase {B and E), appropri- 
ately named the natural melting points. 
The curve BE is the curve for the dy- 
namic equilibrium in the liquid phase. 
In Table XVI arc given the figures 
for these melting points as determined 
by Smith and Carson.* It will be ob- 
served that these temperatures are 
sensibly different from those commonly given for the two forms, the discrep- 
ancy being greatest in the case of rhombic sulfur. 



Fio. S. MohiiiK Point ('urvos of Mono- 
oliiiic and Hlionih'c Sulfvir 


TAHLE XVI 


Meltin<j Points of Rhomiuc and Monoi linio Sulfur 



Ideal Melting 

Natural Melting 

•S'u at .Natural 


Points 

Points 

M P. 

Monoclinic Sulfur 

119.25° 

114.5° 

•'1 0 

Rhombic Sulfur . 

112.S° 

110.2° 

3.4 % 


A ronsidoration of thn afiovc .‘»ot of facts, depending upon a slow attainment of djnainic 
equilibrium in the liquid phase, leads to an interesting deduction relative to the number of 
components of the system. Let it be suppo-sed that in a case of dynamic eciuilibrium the 
equilibrium is reached with infinite slowne-ss, that that any solution remains perfectly 

• Z. physik. Chem., 77, 670 (1911). 
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jitable and unchanged in its composition; it will follow thou that the system is a two-component 
^istciii. since it will be impossible to express the composition of the liciuid in terms of any 
one substance. Such a system will then have the degree of freedom, or variance, corre- 
sponding to a two-component system, that is, one degre<* of variance higher than if calculated 
far a one-component system with the same number of pha.ses present; for example, with 
vapor, solid and liquid present the e<|uilibrium temperature (melting point) is not invariant, 
hut is univariant, varying with the composition. Such would Im' the ease in a system con- 
.visting of two isomeric compounds, .such for example a.s ortho-ere.sol and para-cresol. Now, 
we have, as a matter of fact, just seen that the melting points of .sulfur show just this relation, 
and we have been treating the system es.sentially as a two-component s>.slem in our latter 
diseu.s.sion. A distinction exists here however in that, within rea.sonable time, eciuilibrium 
within the jihase is reached, and once (hat comhtion has been aHamcd the s\.>item can be treated 
as of one component without error, it is therefore spoken of as a p.seudo-binary system, 
since it has, under certain conditions, the properties of a two-component or binary system. 
It is e\ident that the distinction between a one-coinponent s.\stein (unary s.Nsti'in) like 
water, a two-component .system (binary .system) like the two cn'sols, and a pseudo-binarv 
s>stem like sulfur depends upon the speed with which e<|uilibriuin is attained within a jihase. 

In concluding the direct study of sulfur, it should be state<l that reference has la'cn 
omitted to a fourth dynamic i.sorneride, Sp, ami to two other metastable .solids, (nacreous 
sulfur) and Siy. for the treatment of which the reader is nderied to the monograiihs on the 
pliUM' rule and the original literature in the journals. 


CiENEU.VL Co\SII)EH.\TIONS ReL.\TIVE TO ()NE-('oMPON ENT SysTEM.S 

Polymorphism: In the discus.sion of wtilor reft'rtMici* wtis iniult' to tlio spvtM’ttl 
solid modifications which have lately ht'cn di.scovcrcd; and in the discn.ssion 
of sulfur the rhombic and monoclinic forms were considertMl. Tliese an* in- 
dividual instances of the general phenomenon known Jts polyniorphtsn}. 


rol\morphic forms are .solid phases of the same ultimate composition, fliffc'ring among 
themselves m crystalline form, free energ\ and otluT plusical and chemical t)ro])erti(‘s, but 
jielding identical Iniuid or gaseous phases upon fusion or e\aporation In cases where the 
polymorphic forms are compo.se<l of a .single element (sulfui phosphoius. caibon, tin, etc.), it 
is usual to speak of the forms as allotn.pic, while if the forms are of compound composition, 
as IS the case with ammonium nitrate, silver nitrate, mercuric iodide, etc., the general class 
name is U'cd, allotropism is therefore .siinph a sj)ecial casi* of ptilymoriihism. I'.very j>ol\’- 
niorphic form e.xists as a .separate phase, and the nuinlM*i of solid pha.ses for a single I'omponent 
is theK'foie the numljer of ])ol> inorphn- forms existent Hy the appln ation of the defiidtioii 
given we can clearlv difTerentiate pol.v morphism from isomerism, in the Iatt<*r case, w<* have 
<lifTering solid modifications of the same c..m|.osition which however continue to maintain 
their differences in the licjuid or gasC'ous state, and anv sn stem nunle of isotners is therefore 
a two-comiionent or multi-component .sjstem, since the phases cannot have th« ir (oinposition 
expressed b.v less than two terms 


With the Cpiestion as to the ultimate coiiditioii in polymorphic .solids the 
pha.se rule is not concerned; the difference imiy lie in the geornt'trical arrange- 
ment of the molecular units making up the cry.stals, in the molecular weight, 
or po.ssiblv in the proportions of different molecular species existing in dynamic 
equilibrium.! It is the interrelationships of the.se forms, as separate phase.s, 
that the phase rule is in po.sition to cla.ssify. In many ca.ses, of which sulfur 
is one, it has been found that two polymorphic forms po.sse.ss vapor tension 
•For di.*^cu.ssi(,n. .sec Smifs. Die Tlieorie dor Allotropic (Harth. 1921), traiiHlated by 
:^meath Thomas (Ixmgniaiis, Cireen and ( o-)- 
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curves which approach each other with alterations in the temperature, inter- 
secting at a point (called the transition point) at which the vapor pressures are 
identical. At such a transition temperature, and only there, are both solid 
phases stable; here an equilibrium exists between them such that addition of 
heat will effect a transformation into the form stable at higher temperatures, 
without how(!ver raising the temperature until the other form has disappeared, 
since the change is at an invariant point (triple point). Abstraction of heat 
brings about the reverse change, also at constant temperature. Polymorphic 
forms, whicli stand in the relation of possessing such a transition point at which 
they are in equilibrium, are known as enantiotropic forms; enantiotropy has 
bec'ii illustrated in the study of water and of sulfur and is frequently met with. 
Tin off(‘rs an interesting example of this sort, possessing a transition tempera- 
ture of 18°, above which the stable form is white and has a density of 7.24, and 
below which the stable form is gray and has a density of 5.8. Not only many 
metals, but many compounds, such as ammonium nitrate, silver nitrate and 
mercuric iodide, exist in enantiotropic forms. 

In other instances of polymorphism, the vapor pressure curves of the two 
forms do not meet; such forms, which lack a transition point, are called mono- 
tropic. It follows that under all conditions where both can exist, the one form 
is always stable, and the other is always mctastable. The metastable form 
always has the higher vapor pressure, and will therefore change into the .stable 
form by a process of distillation such as was illustrated in the case of under- 
cooled water and ice; the rate of such a change may however be almost infi- 
nitely slow, especially where the actual vapor pressures are very small. An ex- 
ample of monotropism is found in the case of phosphorus; white (or waxy) 
phosphorus is inetastable with respect to red phosphorus and j)ossesses a higher 
vapor pressure at all temperatures up to its melting point, 44.1°; at room tem- 
perature, however, its rate of change into red phosphorus is extremely slow, so 
that the common method of preparing the red variety from the yellow consists 
in using high temperatures such as 250-300°, at which equilibrium is much 
more quickly obtained, and the vapor formed from the liquid yellow variety 
may condense as red phosphorus. In other ca.ses it is not easy to iletermine 
whether a given form is inonotropic or enantiotropic; thus, in the case of 
carbon, graphite is known to be the stable form at very high temj)eratures and 
diamond the unstable, but decisive experiments have not been performed todeter- 
mine whether or not there is a transition j)oint at some temperature below 1000°. 
Whichever is the stable form at low' temperatures, the rate of transformation 
is infinitely slow, which is by no means incredil)le at temperatures so far below 
the melting point. If there is a transition point not yet found, the two forms 
of carbon w'ould then be considered as pscudomonotropic rather than truly mono- 
tropic. 

With tliiM added kiiowledKe as to polymorphic solid forms, a brief ro-iiispection of Figs. 
4, 5, and 0 will lead to a simple but useful generalization. It will Iw oKservod that the equilib- 
rium curve for any phases indicated is nlway.s continuous; discontinuity in direction occurs 
only where two or more curves intersect, that is, where an increase in the numl>er of phases 
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occurs. The newly appearing phase may l>e vapor, liquid, or any solid polytnon)hio form. 
In experimental work the appearance of a di.scontinuity in any typo of equilibrium curve 
ip a sure sign of a change of phase, and demands search for and identification of the now 
phase: the rule applies not only for one-component systems, but e<iually for those of more 
than a single component. 

Condensed Systems: In the ctise of otiuilibrijt hot wren solid jdm.sos and 
liquid phases (solubility, freezing points, etc.), the effects of moderate changes 
in pressure are very small, and in many cases may be ignored. Thus, the 
freezing point of water under its own pre.'ssure and under one atinosithere 
pressure differ by only 0.007o°, an amount which is not of significance in most 
measurements. 

Such systems, consisting of solid and liquid phu.sc^ only, aic call('<l syslvws, 

and we may therefore treat condensed systems us independent of the pressiiie w ithin modiTiite 
limits. This is a matter of much convenience in <‘\penmental \v«)rk. In Ireiitmg a condensed 
system, therefore, we may work either undei soim* constant ])ressure, .suflicientU high to 
prevent the formation of a vajior phase, or, as i- mote eommonlv d<me, work with open vessels 
under the atmospheric pressure, ignoring th(‘ fact that the jues.sun' is not the true t‘(|uilibrium 
pressure of the system and likewise ignoiing the t>resenc<‘ of the air as an additional phase, 
as has been discussed with respect to the tuple point f«»r water, the <>rror in\ol\etl b^ so 
doing is u.sually less than the evpiTimental erior in determining the temp<‘rature or in meas- 
uiing the solubility. 

Liquid Crystals: 

Beginning with a disi’overy b\ HeinitziT ' in a numbei of organic eomianinds have 

b(‘en observed to undergo changes upon heating which caniK't be* reconciletl with the theory 
that pure .substances exist onlv as \ai)ors, liqiinls. and polvmorphic solids. When solid 
cholesteryl acetate, which H('initz<‘r iin (‘■'ligated, is healed, it apparently melts sharjih at 
a given temperature, giving rise to a siibsfanee thiit jio.-'sesM-', the ino"t obvious jiroiierlies 
of a liipiid, that is, it, ])oss(‘ss<*s fiuiditv, and will form droplets if suspended in another litpiid 
of eriual density. On the other hand, it posM‘s.ses certain jiroperties hitheito only oltserved 
ill solids, it IS turbid or milky in app(‘arance, and (mo''t important of all) is antmiti oyic, 
showing double refraction and giving inteiferencc* colors on examination b\ |)olan/,ed liglii. 
At a higher tcmijcrature a second tran-'ition point is leaehed, at which the peculiar substance 
changes to a lifiuid of entir('ly normal character 

The effort to explain such .substances as emulsions or smular heterogeneiais syslem.s has 
not been .successful, and they ha\e been accepted as constituting a new t.\pe of phase and 
are called liqtiid cr\slal.s. Their clasMfication as “cr.\stals” is justified b.'iauise of their 
showing projicrtics which dejiend upon a regularU orientated internal condition; such are 
the anisotropic behavior referr(‘d to above, the existence of a siiaee-lattice structure as shown 
by X-ray analy.si.s ’ in the case of p-azox\ams<tle, and the ixisse.ssion of a perfectly definite 
transition point (or melting jioinf) into n<amal Inpiids, which melting jioint is aff(‘ct(“d by 
pressuri; or the pre.sence of a .second ct»nii>onenl in the saiiK* fashion as the melting jioint, of 
unquestioned solid, s.^ The belief that the liquid cry.stals are heterogmieous could not bo 
maintained after it wa.s shown that the turbidity is onlv ajiparent, la'ing dm' to diffraction 
caused by differently oriented crystals and vaiiislnng ujain exainiiiution of the smaller units 
in the field of the niicro.scope, indeed, li(|uid cr\.st.ds luive been prepared* which fail to 
show any turbidity when examined by unaided \ision. 

* Monats., 9. A:i5 (lS8o). 

* Lingen, J. Franklin Inst., 191, <>.'>1 (1921), 192, .'ll! (1921). 

* For a bibliography of the extensive researches on Ihiuid crystals, see Findlay’s Phase 
Rule, 5th Edition (192.3), p. 41. 

* Vorlander and Hasten, Bcr , 41, 2033 (190b). 
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Viewing the liquid crystals as an independent type of phase, they may be 
fitted into the phase-rule diagram as shown in Fig. 9. The point 0 represents 

the triple point for solid, liquid crystals 
and vapor, and is called simply a tran- 
sition point without any new specific 
name; the point B is the triple point liquid 
crystal + liquid -f vapor, and is named 
the melting point, being entirely analo- 
gous to the melting point as usually de- 
fined. In Table XVII are given the 
data for several illustrations. It should 
be stated however that the study of 
liquid crystals is not yet complete enough 
so that a perfectly general treatment can 
be made which will fit the liquid crystals 
as a stable or metastable phase into all 
one-component systems, as can be done 
with the solid, licjuid and vapor phases. 

TABLK XVII 

Tuiplb Points fok Liquid Cuystals 
Substance Transition Point 

0 

C'holostoryl benzoate Ho.f)® 

p-Azoxyani.sol . . . IIH,.'}® 

p-Azoxyphenctol . . . 

Condensation product: benzaldehydo -}- lienzidine . . 2.34° 

Azine of p-oxyethylbonzaldehyde . . . 172 

Condensation product: p-tolylaldehjde -f benzidine . 231 

p-Mcthoxy cinnamic acid . . 101)'^ 


Melting Point 
R 

i7H.r)° 

135.9° 

108.1° 

200 ° 

190 

185° 



Fio. 9. One Component Sy.stimi in- 
cluding Li(iuid-C’rystal Pha.se 


Suspended Transformation: Suspended transformation has been referred to 
in the instance of the undercooling of liquid water, as represented in Fig. 4 
by the curve OC, and in the case of sulfur (Fig. 0) suspended transformation 
is indicated by the curves Ob and Bb. In general, where a scries of coexisting 
phases can be maintained in metastable equilibrium, that is, under conditions 
where complete representation of the system shows that a different combination 
of pliases, pressures and temperatures is the stable arrangement, the system is 
said to show suspended transformation. The ease with which such a condition 
may be obtained or the persistence with which it may be maintained depends 
upon the general physical and chemical nature of the system as well as upon 
the particular phase reaction which has been suspended, and no entirely general 
treatment of the condition is yet possible. The suspended transformation, 
liquid solid, is perhaps most commonly met and has been most fully studied. 

Tammaim ‘ found that the crystallization, the occurrence of which ends the condition of 
suspended transformation, docs not occur throughout the whole mass at once, but proceeds 

» Z. physik, Chem., 25, 441 (1898). 
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from one or more points that may ]ye looked upon as nuclei. It is found that the numl)er of 
huch nuclei appearing per unit time in unit mass of the liquid increases at first.with the degree 
of undercooling, reaches a maximum at some temperature and tlien decreases. 'Fhe rate 
of crystallization not only depends upon the number of such nuclei, but is also d. pemlent 
upon the pas.sivo resistance which the liquid offers to the propag.ition of the branches of the 
crystalline material; this passive resistance becomes greater as the temperature falls and 
the liquid becomes more viscous. At temi^eratures sufliciently Mow the melting point the 
nundjer of nuclei will be small and the rate of crystallization cnormouslv ^low, so that the 
susjiendcd transformation may continue almost indefinitely. This is the condition existing 
in the so-called amorphous solids, which are greatly undercoohHi Injuiils o| high viscosity 
.showing suspended transformation. Considering other types of suspendi'd transfoimation, 
the change solid -> liquid has not been observed to show such a condition in !iny one-com- 
ponent system. T.hc transition solid — ► solid ma\ be made to show siisiieniled tiansformation 
either with rising or falling temperature or with rising or falling i>ressure, imlt'iHl the rigidity 
of the solid state is a property most favorable to slow tiansfonnation. The leactions liipiid 
ru vapor and solid ^-vvapor in Ixith din'ctions are very liable to sus(>en(led transformation, 
as witness the phenomena of .superheating of Inpiids and the undercooling of vapors which 
occur where nuclei of all sorts are carefully exchide<|. In general, suspemhsl transformation 
is mo.st ea.sily limited or ended by introduction of a nucleus of th- sjiccific iihasc* with rt'siK'el 
t » w’hich the system is mctastable, e.g., the missuig sohd for an umh'reooled iKpiid, but, 
as has been shown, the change may even then be indefinitely slow. Thus calcite has been 
shown to be the stable form of calcium caibonate under teirestrial conditions, but the occur- 
rence in nature of the mctastable form, aragonite, is MifiicK'nt indication of the slownesH of 
the transformation. 

Experimental Methods for One-Component Systems: Spjico i.s not here 
available for discu.'^sing exporiinontal nictliod.s in detail. Transition tomitor- 
atures of two solids are most commonly dt'tormiiual by dil.atomctrical methods; 
i.o., by observinfj; the chanf^o of volume of a solid with rise or fall of tcmimniturt', 
which will upon bring jilottod give a smooth curve u|) to the transition temper- 
ature, at which there is an alirupt change of voluim* with the* formation of the 
new phase with its entirely dilTerent (hmsity. The transition temjK'raturo 
solid liquid is more commonly determined liy thermal methods, that is, liy 
subjecting the .system to the influence of a constant higher or lower tmnperaturo, 
which causes a regular increase or decrea.se of tempi'ratiire to occur until the 
equilibrium temperature is readied; at this point the latent he.at of fusion will 
hold the tcmiierature constant until the change is comjilele. In the use of 
these, or any other of the many methods, suspended transformation must 1)0 
prevented or compensated. 

Systems of Two ('omponent.s 

In passing to the study of .sy.stems classified as of two components, it will 
be well to consider briefly certain general facts as to the components, inde- 
pendent variables, and pha.ses. As previously stated, a system belongs to 
this cla.ss if it is pos.sible to express the composition of all the plia.scs in terms 
of two substances, and not less than two. The haphazard choice, however, 
of any two pure elements or compounds from the laboratory .shelves may not 
be depended upon to give merely a two-component system, but may also give 
rise to three-component .systems, depending upon the nature of the substances 
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taken. If the two substances employed give rise to no phases except such as 
are intermediate in composition between the two substances taken, the system 
will conform to the requirements for a two-component system; thus, the forma- 
tion of solutions, which are always intermediate in composition between their 
components, introduces no new complication, nor does the formation of any 
additive compound from the two substances. Sodium sulfate and water, for 
example, may form, in addition to phases composed of the simple constituents, 
a solution of the two and may also form several hydrates, such as Na2S04.- 
IOH2O; the system is of two components, by application of the rule. If, on 
the other hand, the two substances form compounds other than those of an 
additive nature, the system cannot be regarded as of two components; e.g., 
bismuth nitrate and water form by hydrolysis phases consisting of basic nitrates, 
such as 2Bi203.N206. H2O, whose composition cannot be expressed in terms of 
bismuth nitrate and water nor of any other two substances derivable from 
them; the system is, therefore, of three components. 

The independent variables in two-components systems are three in number, 
instead of the two considered in the case of one-component systems; in addition 
to the pressure and temperature, the composition of phases may also vary 
independently, through the formation of solutions. In order to make a com- 
plete representation of these three variables graphically, it is necessary to use 
diagrams in three dimensions, leading to surfaces and volumes in addition to 
the points, lines and areas occurring in two-dimensional representation. How- 
ever, it is possible to study many of the relationships satisfactorily in two- 
dimensional graphs by choosing two of the three variables for representation, 
where the third is assumed constant or ignored because of its quantitatively 
small effect upon the equilibria. We shall therefore represent the conditions 
in this section by use of the three possible two-variable combinations, giving 
what are spoken of as p-t diagrams, p~c diagrams and t~c diagrams, 
where p, t and c stand respectively for pressure, temperature and composition. 

In two-component systems we meet with a type of phase not occurring in 
one-component systems, namely, the solution phase. It lies in the nature of 
elementary instruction in chemistry that the student should in his introduction 
to chemistry obtain a somewhat restricted view of solutions; it lies in the phase 
rule to make clear how the term is of very broad significance, including many 
substances which may appear to be quite different, van’t Hoff ‘ has given a most 
satisfactory definition of the term solution; a solution is any phase the com- 
position of which may vary continuously within certain limits. That a solution 
is a phase, and therefore homogeneous, excludes at once all mixtures, which are 
necessarily heterogeneous; that it may vary continuously in composition ex- 
cludes elementary substances and compounds, each of which has definite com- 
position. Such a classification of bodies into mixtur.es, elements, solutions and 
compounds is based upon homogeneity and composition and not upon the 
physical properties upon which the physicist’s classification into solids, liquids 
and gases is made. Solutions may further be given a secondary classification 

* van’t Hoff, Z. physik. Chem., 5, 323 (1890). 
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on the basis of the physicist s three states of aggregation! there may be gaseous 
solutions, liquid solutions, and solid solutions. Gaseous solutions occur when- 
ever any two gases are brought together, since all gases show unlimited solu- 
bility (a term to be defined later); liquid solutions are known popularly as well 
as by the chemist, and the term is applied to any homogeneous liquid where 
composition may be made to vary continuously, whether it has been prepared 
from a solid and a liquid like salt and water, a gas and a liquid like carbon 
dioxide and water, or substances in any initial physical state; and solid solu- 
tions, although less commonly met with, exist wherever the homogeneous i)hase 
has assumed a solid condition, as in the iron-carbon alloy known as steel. It 
is with these various types of solutions that we shall find our principal interest 
in the study of two-component systems. 

By application of the phase-rule equation, it follows that for two-com|)onent 
system.^, four coexisting phases give rise to invariant equilibrium, three co- 
existing phases to univariant equilibrium, two coexisting phases to bivariant 
equilibrium, and one pha.se to trivariant ecpiilibrium. Trivariance is here 
possible, since variations in composition may occur in addition to variation 
in pressure and temperature. Of ga.scous j)hases there can never be mon; than 
one present; of liquid phases, two is the maximum nund)er thus far observed 
in coexistence; and of solids, there may coexist any number i)os.sil)le under the 
statement of the phase rule, consisting of pure components in their various 
polymorphic forms, of additive compounds, or of solid .solutions. The number 
of possible equilibria is too great to admit of comidete .stmly in this chapter; 
the following table gives in the first column the five possible types of bivariant 
(two-pha.se) equdibria, which by formation of a third phase give rise to the 
univariant equilibria of column 2, and by addition of a fourth pluise the in- 
variant equilibria of column 8. The number of such types of phase complexes 


TABLE XVI II 

Equilibria in Twf»-C'(>MeoNKNT Sastkms 


T wo-pha.so 
Equilibria 
(bivariant) 

Three-phase 

Equililiria 

(univariaiit) 

Four-jihase 

Eqiiililina 

(invariant) 


V - L 

r V - L, - Li 
\V - L -S 

jV - L. - L; - S 
\v -L -s, - .S;. r -L, 

- S - Li 

u-u 

i t 

1 1 

fL, -Li-r -s 

IL. - - S. - Si. L. - Li 

- S - V 

L - .S 

1 L - .S - E 

Li - S - Li 

1 L — S\ — iSi 

1 L, - s - r - Lj. L - s, 

{ L, - S - L, - V, L - S, 

1 L - S, - S, - S,. L - Si 

-V - S, 
-L -.S’, 
- Si - V 

V -s 

JV -S ~L 
\v - *s, - s, 

J V - S - Li - Li. V - Si 
IV - .S', -s, -Si. r - .s. 

- L - S 

- S, - L 

Si - s, 

f.S, -S: -L 

Si - S, - V 

\ s, - s, - Sj 

f .S’l — Si — L — T', Si — Si 

.S', - Si - V - L. .S’, - S, 

1 .S', — Si — .s'j — Si, Si — .S'l 

1 i 1 

►.3 

1 I 1 
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is here calculated with the restriction that the coexisting phases cannot include 
more than one vapor phase, nor more than two liquid phases. In columns 2 
and 3 occur many repetitions of pliase complexes; the total number of different 
systems is seventeen, of which five are bivariant, six univariant and six 
invariant. 

The classification given .shows the number of equilibria. The number of 
specific c(iuilibria in a given system may, however, be much larger through the 
occurrence of many different solid pha.scs; thus the uni variant type equilibrium 
V - L - S may occur in as many specific forms as there are solid phases 
possible to be substituted for S. In our study of these extensive possibilities 
our method will be to consider each of the five bivariant equilibria in turn, 
with such of the univariant and invariant equilibria derivable from them as 
have special interest. 


A. The Equilibrium; Gas-Liquid 

The equilibrium between a gas and a two-component liquid, known as a 
binary solution or le.ss happily as a binary mixture,* has a variance of two; the 
vapor pre.ssure of such a system therefore depends upon the composition if the 
temperature be kept constant, or upon the temperature if the composition be 
kept constaiit. If the two components possess unlimited mutual solubility, 
the conq)o.sition may be made to vary from 100 per cent of one component to 
100 per cent of the .second, and a continuous vapor pressure curve at constant 
temperature may bo drawn. As to tlie exact nature of this dei)endence of 
vapor pressure upon composition, the pha.se rule gives no inf(»rmation; much 
more satisfactory treatment is possible according to the theory of the licpiid 
state, leading to a treatment of the important proce.ss of fractional distillation. 
It has also been shown in an earlier section that the distribution law (Henry’s 
law) gives a .satisfactory basis for treatment of the equilibrium gas-liquid. A 
phase-rule treatment of such two-phase systems will not be given here. 

If a system, ga.s-licpiid, is submitted to such conditions that a second liquid 
pha.se appears, there are features of interest in the new univariant equilibrium 
which results (E — Li — L-y). Leaving to a later .section a more com])lete 
discussion of the limited or restricted solubility that must characterize the 
liquids, let us simply assume that we have such a pair of liquids in e{iuilibrium 
with their vapor, and let us keep in mind that each of the liquids contains both 
components, since it is an empirical rule that solubility of liquids, if it occurs 
at all, is always mutual. In Fig. 10 is given a p - c diagram of such a system, 
in which we a.ssume a constant temperature; the varying compositions are 
shown on the axis AB and the pressures on the ordinate A(’. The vapor 
pre.ssure of the pure component A is represented by the point C. Let us assume 

> The use of the term “mixture” for a homoKCueous solution is to lie deploreil, since 
it is a term implyiiiK heterogeneity, and therefore confuse.s the e.ssentml phase relation.s. 
In this chapter effort will l>e made to avoid the use of the word mixture and all its derivatives 
except where heteroKcneity is actually present; on account however of prevalent usage, it 
will oecasionahly he nece.ssary to refer to the less desirable nomenclature. 
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that addition of component B lowers the total pressure of the system; if, as 
sometimes happens, the total pressure increases instead of diminishin}; on 
addition of B, the detail only of the diagram will differ from Fig. 10, the essen- 
tials remaining the same. The curve CE is then a part of the curve of the total 
vapor pressure of the sy.stem. At the point K we reach the saturation con- 
centration of the liquid, represented l)y the composition .r, and further addition 
of B gives rise to a new liquid phase of the composition y. We lunv have two 
liquid phases and vapor at a fixed tem- 
perature, and the system is isothermally 
invariant; that is, no changes in pres- 
sure or composition can occur .so hmg as 
the temperature is kept constant and 
the three phases are retained. Addition 
of B therefore increases only the mass 
of the .second liquid y. Turning atten- 
tion to the vapor pressures, since the 
liquid X, the liquid y and vapor are in 
equilibrium with each other, the licpiid 
y mu.st have the same vapor pre.ssure 
as X, namely both its pressure and 
composition are therefore fi.xed by the 
point F. Any relative (piantities of .1 
and B taken so as to give a total com- 
position between x and y can give only .r and y as .solutions and a total pressure 
/q. When the amount of B is increased .so that the composition falls to tlie 
right of i/f the phase x disappears and tlu* vapor pressiire falls along the ctirvc^ 
FD, which terminates at D, the pressure of tlu‘ j)»ire compon(*nt B, llui total 
vapor-pressure curve therefore consists of two discontiiiuous pjirts, ( L and 1 1), 
connected by a line of invariant pressure. In the metastal)Ie n'gion K — I 
the curve is believed to exhibit a minimum and maximum {(> and //) and a 
point of inflexion 0, like the pressure-volume curve for a pure litiuid below its 
critical temperature, as shown by van der Waals; using the reasoning madci 
familiar there, the curves EG and HF are to be regarded as nn'tastable and 
GOH as unrealizable. The familiar theory <»f \an der Waals, as ajijilied to a 
l)i|re luiuid, has been extended so as to cover the case of a binary litpiid solu- 
tion.^ The complete curve here <lrawn is the curve for tin* composition of tlie 
liquid phases; that for the composition of the va|)or phase, which would fall 
below CE - FD, is not here indicated. 

Passing to the piartial pressun's of the iiuiivichnil roinpoiients in the Hysleni, the (’urve 
for the partial pn«sMire of .1 must In-gin at C an<l must reach the lev. l of zero pnissure when 
A i.s ah-ent, that is, must end at li. The interrupted nirve Cl Kli shows itw eourse. The 
points I and K possess sjieeial interest. The \ai)or pressure of .1 in the Holution x must 1 k) 
the .same as in the solution y. since otherwise a distillation from phase x to jdiase y would 
occur. It ft)llow.s then that the pressure of .1 in the pha.se in which it predominates (/) is 
in nowise different from it.s pre.ssure m the phase in which it is present in hut small amounts. 

» van dor Waals and Kohiistamm Uhrhuch <kr Thcrinodynamik, 18U0. 
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Thin fact becomoH still more striking if one considers pairs of liquids in which the mutual 
solubility is very low, as in benzene and water; here, the solubility of water in benzene at 
2.0° is only .07 per cent * and that of benzene in water is of the same order, so that the points 
X aiifl y very nearly coincide w’ith A and B\ yet the vapor pressure of benzene in the phase 
containing only about 0.1 per cent benzene is exactly equal to that in the phase containing 
00.9.1 licr cent l>enzenc, that is, practically a.s high as that of pure benzene. This was first 
demonstrated experimentally in the case of ether and water by Konowalow.* 

It i.s of value to keep this relationship in mind, so that the error may not be 
made of carrying over into the realm of concentrated solutions ideas based 
tipon the theory of dilute solutions, according to which the vapor pressure is 
lowered in proportion to the molecular concentration of the second component. 
Expre.ssing the condition in the general language of Gibbs' concept, the chemical 
potential of a component in two phases at equilibrium is the same in the dilute 
phase as in the concentrated phase. 

What lias been said for the curve CI-KB applies equally to the partial 
pressure curve for 71, namely The mctastable and labile sections 
between / and K and between V and K' repre.sent the same conditions as in 
the curve for total pre.s8ures. 

77. The Equiliuhiu.m; Liquid-Liquid 

The existence of two liciuid phases in equilibrium implies a limited mutual 
solubility; where the solubility is unlimited, such a system cannot exist. A 
complete theory on which to forecast the extent of mutual solubility is not 
known; the topic will be treated in the third section of this chajiter. It is 
possible however to arrange cla.sses of sulxstances, both liipiid and solid, in an 
order representing in a rough way their solubility relations; the key to it is 
expressed in the phrase which has come down from the alchemists, similia 
f<imilibm mlvuniur (like is di.ssolvod by like). Our selection of partially soluble 
liquids will therefore neces.sarily give us components which are quite ilissimilar 
in composition, in general chemical properties, and particularly in Mich phy.sical 
properties as degree of association and dielectric constant. 

Upper Consolute Temperatures: Phenol and Water: When jihenol and 
water are brought together at room temperature and in suitable jiroportions, 
two liipiid phases result together with a vapor. This has become a classic 
instance of a two-liquid system. In studying it, we shall treat it as a con- 
densed system, in view of the fact that changes of pressure (within reasonable 
limits) have but slight effect upon the equilibrium existing between the liquids; 
omitting therefore the vapor pha.se from reference and substituting a fixed 
pressure, we have a univariant system in which the relationship of temperature 
and composition will be studied. Alexejew,® to whom, with Guthrie, we owe 
the pioneer work on two-liquid systems, was the first to obtain a clear picture 

« Hill, J. Am. Chem. Soc., 45 , 1154 (1923). 

* Wied. Ann., 14 . 219 (1881). 

» Wied. Ann., 28 . 305 (1886). 
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- tiie relations of these components; many others ‘ have since added to the 
(l ita on this system, and Rhodes and Markley* have recently completed the 
diagram, showing the relations of the liquids with the various solid hydrates 
■111(1 with ice. The two liquid phases formed at room temperature differ in 
that one of them is water with a small proportion of phenol and the second is 
chiefly phenol with a small proportion of water; as the temperature rises, the 
proportion of phenol increases in the acpieous phase and the jiroportion of 
water increases in the phenol phase, until, at 08.4®, the two li(\uid phases have 
identical composition. Table XIX contains figures taken from Rothmund’s 
e.xperiments. 

T.MJLK XIX 


Temperature 

10 ° 

20 

:io 

40 

50 

55 

GO. 

05 

GS.4 


The System: PHEN()L-\V.\ThH 

\Vt. Per (Vnl Pheuitl ^\ t. Per (’eiit Phenol 
ill Ph:iM“ Li in Phase Li 


S .5 

72.2 

S.7 

09,9 

9 7 

GO S 

12 0 

02 7 

112 

00.0 

17 :> 

50.2 

22 7 

W) 7 

1 

,30.1 


The above data are plotted in Fig H. At !iny OxcmI tmniM^ratiire, such as 
20°, the composition of the two litpiid phases is luTessarily fixed, fh(‘ system 
being invariant, and the points are indicated by A and .1'; (he isothermal line 
joining them is sjioken of as a tic-hue, and the two solutions are calhal conjugate 
solutions. 


If now, nt this teinpor.Ttiirc. 50 ix'r cent o:u-h of plicnol and water aie hrouKhf toKcther, 
the composition of the complex will lie reprcMMitoil hv the point r. flie e„inp ex will forni 
two liMUkls of th.. o„mpo»,t,.,n, .4 .1'. 'n." rflat.tf ..f tl, phtt-- forti.H 

miiy oalfulatod Kconictrifiilly fritni tin- .litwriiiii , tin- w.-iBlit ..t l.li.i.o .1 fi.riiii-d will l« 

„„ fraction nf the I..I..I. anti that ..f .1' w.ll Iw —'A- o that the rath, „f the 

weiahtaaf A Adi he that »f thchncaa.l' to r,l . the w.aaht „f each iamvcracly pn, parti., „al 

to the displacement of its composition from the composition of the total complex. 


The effect of rising temperature upon this system is to inereti.se the mutual 
solubility: the curve A'B'C shows an increase in the concentration of phenol 
and the curve ABC an increase in that of watcT. At the jioint (/, the curves 
merge into each other without discontinuity, and we have a critical state in 
the sense in which critical states have been defined above. What have been 


1 Paterno and Arnpola. Gazz. chrm. rial , 27. I. 4Hl (1S‘|7); Rothmund, Z. physik. them., 
26. 433 (189S): Schreinemakors. Z. Chau., 29. .579 (1S99). Scarpa, / chxm. phyn., 

2, 447 (1904); Rozaa, Z. Eleklrochem., 17, 0:i5 (1911); Smits and Maar«e. Proc, Acad. Ecu 
Amsterdam, 14, 192 (1913). 

Phys. Chem., 25. 527 (1921). 
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conjuf^atc solutions at lower temperatures have now become a single soluti< 
the temperature at which this phenomenon occurs is called the consolute temp( 
alure, or critical solution temperature (tc). At higher temperatures, water an 
phenol are mutually soluble in all proportions, and the system can consist c 
but one liquid phase; below the consolute temperature, the mutual solubilit 
is limited. No solution therefore can exist having composition indicate 
by points within the area A-B-C-B'-A', but such compositions can lea 
only to two conjugate .solutions of composition lying upon the curves at th 
intersections with the isothermal tie-lines. 



Fio. 11. t.-c. Diagram for the System Phenol-Wat«!r 


The phonoinetia occarrinx at the consolute point are worth considering. As.sume < 
complex y of the critical compo.sition (30.1 per cent phenol) to be i)reparecl at room tempera 
turo; it will yield two Ihiuid phase.s of not very whloly difFercnt weights. If the temperatun 
ia slowly raised, the (juantities of the two i)hra.ses will vary slightly l)Ut not to any large extent 
as can bo soon from the diagram. If this system lie stirred briskly, it will as.sumo the char 
acteriatic milky appearance of an enml.sion, always settling, however, into two clear phases 
When the temperature 08.4° is reached, the turbidity vani.shea sharply, .so that the litiuic 
is (juito tran.sparent , the pa.s.sage from opacity to transparency is so definite that the tempera 
ture can lx; noted to 0.1°, and .sometimes to 0.01°. If now the transparent litpiid at a highei 
temperature is allowed to cool, the operations arc rever.sed, and the turbid emulsion appear; 
again at the consolute temperature. 

If instead of a 30.1 per (■cut iihenol-water complex, some other is taken and wamjed 
a aeries of changes occurs which has a superficial likeness to what has just lx;en dc.scrilied 
but must be sharply different iated from the true critical changes. Assume a complex con- 
taining 00 per cent ])henol to be warmed fnun 10° to 70°; the process can be followed by 
drawing a line of e(iunl concentrations, «/», called an isoplcth. .\,t 10° the .system will consist 
of about 41!) of the phenol-rich jiha.se lying at the bottom of the vessel used and 1 15 of .super- 
natant aqueous layer, as can l>e calculated from the intercept of ab with the 10° isotherm. 
As the temperature is raised to U0°, 30°, etc., the quantity of the upper layer will diminish 
noticeably; if the system is stirred, it will lie turbid, but will always .settle into two transparent 
layers. After each rise of temperature, stirring and subsidence, the line of separation lietween 
the phases will be found nearer the upper surface; at 55°. the liquid will no longer show tur- 
bidity and the line of separation has reached the surface We have passed from a two- 
liquid system to a one-li(iuid system; but we have not pa.ssed through a critical state. What 
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1 (.ccurred has been merely the iisapDeanuu-e „f a ph-ive. ^^hat ro.ivurod for a critical 
.,ato is that two phases should become identical, h only with the critical compoMtion 
an this system dO.l per cent of phenol) that a cutical ^tale can he leached, with all other 
( ompositions, one phase increavos at the expense of the other until the .second ha.s dis;i])j .eared 
In experimental practice, the distinction is not haid to obserxe. if the iTitical cf.nipnsition 
ii.is been taken, the two phase!> will be upiol in weight and xoliime ju.sf Ir'Iow the teinpcr.itun; 
at which they appear and disappcai, as will be seen In inaikmu a point just inside (’ and 
drawing a perpendicular (an isotherm) thioimh it. On the other liand, for an\ other coni- 
l.oMtion the two phases will be extieinely unc.jualat a tenii>cratuie just Ixdow th.at at wlncli 
tiicy apiiear, the new pha.se will apiie.ir a-^ a ineie diop oi two at tin' top ..r tin' l.ottoTn ot 
the container. 

Systonis like the oiio tli.scu.sscd aboxt* art' suit! to po.sse.s.s an ii{)|)t‘r coiisolute 
tcmjterature. A few generalizations for .sys(('iu.s of thi.s typt' may be inadt*. 
The curve which represents the boundary of tlu' two-litpiid area, or tlit' t;nr\(' 
of conjugate solutions, is a continuous curve; its tangent at the eini.sidutc 
teiiipt'rature is periteudicular to tlie tcinpi'raturt' a\i.s. Tlie eiirvi' bi'ar.s a 
reseuiblance to a jiarabohi, but a gt'iu'ralized eipiatioii that .should fit :dl oases 
1ms not been found. In gt'ueral, tlu' curvt* sliows the largt'st clmuge.s in com- 
position within a cuinpanitivt'lv few degrees Imlow th(' eoiiscdute tt'initeratiin': 
in the case studied, the two litpiids dejmrt from e;ich otlu'r by 27 pt'r cent witliiii 
the temperature range OS U to Oo'^. It has bei'ii found tliat a rough appro\i- 
mation to a “law of tiie straight diameter” ‘ exists, that is, (liat a line eoii- 
necting the middle fioints on th(' tie-lines, A~A\ H <'te., is a nearly 
straight line as shown by ('c in Fig. 1 1. This relationship suggests at once the 
law of Cailletet and Mathias - for tlie (h'u.sitic's of a Inpiid and its vapor ap- 
proaching the critical state, and stn'iigtheiis the an;dogy lietween the critical 
phenomena here discus.sed and thosi* occurring in a Inpiid-vapor system. The 
statement is only an approximation. ho\\e\er, if tin* comjiosition is e\presse<l 
m molar fractions instead of pi'r cent liy weight, (he ciirvatun' of tlu' diameter 
becomes jirononnccd.'* There is also to be no(e<l, in sy.stems showing coiiso* 
lute temperatures, a most int<*resting pheiiomeiioii in the area immediat(‘ly 
above and around tlie critical iioiiit; the Inpiid, tliongh plainly (niiispareiit, 
has a bluish liaze, spoken of as the enlieal opaleseeiiee, whieli lias oc- 
casioned much interest.^ Althongli an optical comlitioii of tliis sort might at 
first be thought to indicate heterogi'iieity, Smolneliowski '* has shown that tlie 
optical effect is due to the scattering of light not by indiviilnal jiarticlcs but 
by-local variations of density arising fiom \ery slight in('<inalities in tmiiper- 
atnre. Tliis critical ojialcsccnce, far from interfering with tlic exiierimeiital 
determination of the con.solntc point, has been found to be most helpful in 
indicating a close aiiproach to the critical ri'gion. 

* Rothmund, Z. phyink. Chent , 26. ISt < is'isi 

* (’ompt. rerul., 102, 1202 (ISSO). 

* Meu.>chutkm, J, Russ. phys. ciu m 0’(x., 44 , 1117 ('lllll'), Xteu, Roozfljoom’s Die 
betcrogenen Gleichgcwiohte, 2, II, ji. bl ' ItMs. 

^ Ostwald, Lfhrbuch, II, 2. jj. (>sd (I'MLM. K<itliiiiun<l. Z. phy'uk. Cfu m , 26, Idd flS'lS); 
Guthrie, Phil. May, (.5) 18, oOl (lss4j, Kn«'di;iufh‘r. Z phyntl, ('huu, 38, dsb (IbUl), 
Timmermans, ihid., 58. 129 (1907); Kour.w.ih.w . dfot Phy<ik., 10, .400 (1903). 

^ Smoluehowski. Ann. Physik, 25. 20.7 ( lOUsi 

14 
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The UHC of the terms solvent and solute in the case of two-liquid phases will be seen to 
Ih! hot!) inept and uselesH; no fundamental distinction between the function of the phenol 
and that of the water is known to exist, and certainly we cannot rightly regard one component 
as active and the other passive, as the words imply. Where we have in equilibrium two 
phases, of which one is of fixed composition and one of varying composition, as in the case 
of solid sodium chloride and its aqueous solution, it is a convenient usage to call the phase 
of fixed composition the solute and the comimncnt occurring only in the solution the solvent, 
if we liavo such a system as Na2S()4.10HjO and its aqueous solution, it is not easy to tell 
why wc often speak of Na 2 S 04 as the solute*; certainly no general definitions of the terms 
arc jiossible. 

Tho number of two-litjuid systems showing an upper consolute temperature 
is considerable; a few of tliese will bo given later in Table XXII. 

Lower Consolute Temperature : Tri-ethyl Amine and Water: In a certain 
number of cases, the solubility curves for two-liquid phases approach each 
other with diminishing temperature, and meet at a lower consolute temper- 
ature which is analogous to the upper consolute temperature discussed previ- 
ously. Tri-ethyl amine and water were found by Rotlimund ^ to show this 
behavior. The data for this system follow. 


Tcmpcrntur<( 


70°. . 

ra) 

30 , . . 
.... 
20 ... 
IH..') .. 


TAULK XX 


Thk Syh'ikm. Tiu-ktuyi.ami.n'K-Watku 


t. Per Cent Ammo 
in Phase Li 
. . l.G 
. 2.9 
.'i.G 
7..3 
1 .')..") 

about 30 


\Vt. Per Cent Amino 
in Phase Li 


06 

9:)..5 

73 

about 30 


Fig. 12 is the jdot of those figures. It will be noted that the cur\e is tpiitc extraordinary; 
the mutual s(*lubilitics arc very small at all temperature.s alswe 2 r 2 °. but increase enormously 
from 25° to IS. 5°. Tho ouve is, finally, nearly perpendicular to the temperature axis; 
as a result, while it was not difficult to obtain the ec)nsolute temperature with considerable 
accuracy, tho corresi>onding comiio.silion is not at all accunitely known. The observation 
of the critical opalescence, which is most pronounced when closest to the consolute point, 
indicates that the composition is not far fiom 30 per cent. 

Most of the other substances showing lower consolute teniperatures are 
amines, and therefore not easy to bring to a high state of purity; since the 
presence of n third component has been shown * frequently to have a very pro- 
nounced effect upon the consolute temperature, it is possible that the figures 
for this class are less accurately known than those of the previous class. In 
none of these latter instances is the law of the straight diameter even approxi- 
mately applicable. 

‘ Z. vhsik, Chem., 26, 433 (1S98). 

•Timmenuans, Z. phystk. Chem.. 58 . 1S7 (1907); FriedlAnder, Z. physik. Chem., 38 , 
38.5 (1901); Dolgolenko, Z. physik. Chem., 62, 499 (1908); Crismer, Bull. Acad. Sci., 30 , 
97 (1895). 



HETEROGENEOUS EQUILIBRIUM 


403 


Completely Closed Solubility Curves: Nicotine and Water: Witli a knowl- 
edge of solubility curves closed at higher temperatures and others closed at 
lower temperatures, it is natural to look for cases wliere the curves are closed 
at both temperatures, i.e., systems with both upj)er and lower consolute temj)er- 
atures. Hudson ' was the first to discover such an example in nicotine and 
water; Tsakalotos * confirmed the data of Hudson within a few per C(‘nt. In 
Tabic XXI are given, not the two conjugate compositions for a fixed temper- 
ature, but the two temperatures corresjxuuling to a fixed com])osition; this 
follows from the isopletlial method of experimentation used by Hudson which 
will be described later. Either method will gi\e a complete set of i)oints l>y 
which the entire closed curve may be plotted. Fig. lo rei)r(‘s('nts the cur\e. 




T.MUJ; XXI 


Tub Sr.^rKM; Ni< oriNK-\V\TKii 


Por (\'nt Nicotino 

I.ouor 

rppor 

by ^VcI^r)lt 

'rcinpiTafuro 

TcnipiTiilui 

O.H 

91° 

9.'.° 

7.S 

. H9 

l.M 

10.0 

73 

... 

14.8 

Cm 

200 

32.2. 

01 

210 

49.0 

01 

2().> 

OO.H 

72 

190 

80.2 

87 

170 

82.0 

129 

1.10 


Tsakaloto.s liixF that tlic for holh niticul is tin* nanic, imiin lj, SI jxt 

cent ofnifotino, thploMC’rffinprraturc* tlu* IhrIkt JOS”. Jlctwffii tfiiipcralurt'M 

two fonjUKato liquids may !>«* oOtaincd, bf‘\oiid tln-in, or, in ROncral, (lUtside of the rlos(>d 
curv'c, only one is iio.ssiblp, iini] tin* liquids an* complrii'ly nolublo. 

A completely clo.sed curve, such as that of Fig. Ff, must hav(* points of 
maximum and of minimum .solubility. At these jxiints the tangents to the 
curve are parallel to the temperature axi.«. Applying van’t Hoff’s law of 

‘ Z. physik. Chem., 47 . Ill (H)03). 

*Buli Boc. chem., 5 , 397 (1909). 
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niobik; equilibrium, from the fact that at these points the solubility does not 
vary with the temperature, it follows that the heat of solution is zero. Be- 
giijiiing at each such point the curve rises witJi rising temperature in one direc- 
tion and falls with rising temperature in the other; the branch which shows a 
rise with the ten>i)erature, that is, possesses a positive coefficient of solubility, 
represents solutions in which the heat of solution is negative, and vice versa 
for the other branch. 

The |)r('ceding ta))Ic gives the critical data for some of tlie types of systems 
discussed above.* 

Conjugate Liquids Without Consolute Points: There is a very large number 
•of conjugate licpiid ])airs which pos.se.ss neither an upper nor a lower consolute 
t('mperature. This is the case with ether and water and with chloroform and 
water; it is ])robably the case with any i)air whose mutual solubility is very 
low. As tem])eratures are lowered in such cases, a point is reached at which a 
solid phase appears; wIhto water is one of the components, this occurs not far 
below 0°, since the concentration of the second comi)onent in the water and 
its effect upon tlie freezing ])oint are small. There are, therefore, four phases 
present (*S - Li — L,> — V') and the system is invariant; if subjected to a 
cooling environment, ic(* continues to form until the acpieous layer has com- 
pletely (iisa])peared, and the system of conjugate solutions cannot exist at any 
lower temperature. The exact relations will be shown in a later paragraph. 
If, on the other hand, the temperature be raised, a point will finally be reached 
at which one of the li(}uids, namely, that one rich in the more volatilecomponent, 
is at its critical state; the vapor above it has reached not only the same relative 
composition as the licpiid phase, but also tlie same density, and the two-com- 
ponent liipiid ])hase disapiiears in the sami' fashion as at the critical temperature 
for a one-component system. Kther and water are known to behave thus. 

At - .‘l.S.T tho Holul phase appears, ^ aad l)clow this teinperuture only the ethereal liquid 
phase exisis. .\t this tetni)erature the ethereal phase contaiiis only al)out 1 per cent of water, 
and the increase with teniiierature rise is very small, the aipieous ])hasc contains 12.7 per 
cent ether, but has a ncKalive solubility coefficient, so that the ether content has fallen to 
rj.IM ])er cent at a0“, at 82°, it has fallen to 2.7 per cent.’ Kuenen ^ and Robson have 
founil that at 201° the ethereal phase, which contaiiw about 2 per cent of water, reaches its 
critical state, above which only the water iiha.se can e.xist as a liquid. CJeneraliziiiK from the 
behavior of this system, we may say that where a system of conjugate liquids does not show 
an upper nor a lower consolute temperature, it jterminates at low temiieratures with the 
disaiipearance of the phase rich in the component of higher melting point, and at higher 
temperatures through the disappearance of the phase rich in the more volatile component 
at a critical point for tlw sy.stem liquid-vapor. 

‘ For a fairly coniiilete list of known cases, sec Roozoboom's Die heterogenen Gleichge- 
w’lchte, 2, 11 (Aten), pp. 70, 73, 74, 70, 78. 81. To these add Kciosand Hildebrand, J. Am. 
Chi'm. Sor., 39 , 2120 (1917); MoKelvey and Simpson, ihid., 44 , lO.I (1922); Kraus et al,, 
ihi,L, 44 , 1249 and 1949 (1922). 

’Hill, J, .ll/I. Vhnn. Soc., 45 . 1113 (1923), this article contains a bibliography of the 
s.\steni. 

’ Klobbie, Z. })hysik. Chem., 24, 015 (1897). 

‘ /. physik, Chem., 28, .342 (1899). 
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TABLE XXII 

Chitical Data foh Two-Ligni) Syhtkm>* 


Sy:itci«3 Having Upper Con^^olut^! 
Tenip<*rnt vires 


S\sfnii> lla\ing Lower ('oiv^oliife 

'lVini>era( vires 


Svilv'tanee.s 


Metli\ 1 aleohol-hevane > 
Svicv'inie nitrvle-waler - 
( 'arhon (lisvilfule-iiielhyl 
ahohoP 
Aiiilim'-licxane < 
Benzeiiv'-svilfvir ‘ 
.Miimiiivinv hroinule-'' 


Wt. Per 
(’ent of 
I■'ir'^t- 
nainevl 
( 'oni- 
ponciit 

ol 


('oil- 

Mvliite 

Teini>. 


7*’ 

Pi.U 


( 'ailuvn (lio\i(le-«»-nitrii 
phenol ■ 

Di-eth\l aimiie-water 
/i-( ’olli(iine-\Miter 
1-Meth\l |iipeii(hne- 
watei * 


\Vf. Per 
('('lit of 
I'lrst- 
iiained 
('oiii- 
l>OIl(‘I)l 


i:{ 

4 


'.(idium hromide j 0*2 j 

2.12^ 1 


' 

S.\ -terns Having Both 

Upper :ind l.o 

\et ( 'oiiMihitv' 

Temperat VIM'S 


Wt. Per Cent 

Lowt'r 
( ’oiis< ihiti' 

\\ t. per (Jeiit 

Suhstanccs 

of Fii-t- 
iiaiiK'd 

of First - 
iiaiiK'd 


( 'onipoiieiit 

Temp. 

Component 

.Mellnl ethyl ketoiic-watei 

.11 

- (.\ 

20 

(i-Pieolinc-water " 

7 

10' 

0 

otrt-l.ntidirie-wuter " , 

7 

l.V 

10 

•l-.Methjl pijveridinc-water " 

1 

.70' 

H 

1-. Methyl piperidine- water " . 

.*> 

S.7 ' 

.s .7 

2-.\Iethyl jvifveridine-water 

1 

70’ 

h 


( 'oii- 
scvliile 
'I’l'ini). 


•J.U 

1 i.r 


Upper 
( 'oiisolnle 
Tc'inj). 

\:\T 

i[>r 

1()U 

IMP 


‘ Kothrnund, Z. phijKik. Chrtn., 26. 4:h4 (iNP.Sj. 

• !^chreincniak(;rs, Z. phynk. Chnn , 23. (l.S'.»7j. 

^ McKelvcy and Simpson, Am. ('hnri. Stir., 44. KD (1022). 

‘ Ki'yc.s and Ilildehrand, J. Am. Cfum. Sur., 39, LM2() (1017) 

^ Alexcjew’, Wicd, Ann., 28, .'iOo (ISSd). 

‘ Kendall, J. Am. Chrm. Soc., 45, 0(W> (192.1). 

Biiehner. Z. physik. Chrm., 30. (Tm (10()(i). 

" Lattey, Phil. Mag., 10. .‘197 (19().'>). 

Fla.schncr, Z. physik. Chrm., 62. 40.1 (lOOS). 

Timmemians, Roozelxxvin’.s Die hetertjgenen ( lleichgewichte, 11, II, jv. 7((. 
“ Flaschner, J. Chrm. Soc., 95, 0G.S (1909). 

Flaschner and McF^wen, ihul , 93, KXKJ (190S), 



\ treatise on physical chemistry 

I uot permit a study of two-liquid systems in which the pr.- ..re 
^ ^ Viri'ible Suffice it to say that, in accordance with Le Chat('li, r’s 

^h'nirln i!n-sswro'niust increase mutual solubility where solution is accraii- 
,KUuc<'l hv a diminution in volume, and decrease solubility in the infrequent 
where :in incrense in volume occurs. The effects upon the solubility 
lire u^unlly of small order. In a number of cases high pressures have, however, 
altered the location of eonsolutc points considerably. 

Experimental Methods; The most commonly used method for determining 
the mutual solubility of two li(juids is that devised by Alexejew it consists 
in introducing known weights of tlic two liquids into a small glass tube, which 
is then sealed and rocked in a bath in which the temperature rises slowly; the 
tein|)«'rature at wdiicli the two-phase emulsion becomes clear gives a point on 
the curve, which may be confirmed by cooling the clear liquid until it becomes 
turbid. A series of such points will give the complete outline of the curve, as 
shown above in the data for nicotine and water. Regarding the system as a 
condensed system, the effect of the pre.ssurc within the tube may be neglected. 
This extremely useful method of experimentation, called by RothmuiuP a 
synthetic method, may be more properly cla.ssified as plethostatic,^ since it 
consists in using a system of fixed composition and deterndning the temperature 
at which conjugate* licjuids app(uir. Thermoslalic methods are those in which 
the tcinj)erature of a system is fixed, and the composition of the two liquids 
subsecpiently determined after sufficient agitation has brought them to equi- 
librium; this can occasionally be done by direct analysis, though usually liquids 
do not lend themselves to easy analysis. A thermostiitic method, de])endent 
upon volumetric measurements,'* consists in weighing the two components into 
each of two vessels in differing amounts, and determining the volumes produced 
after eciuilibrium has been obtained at a fixed temperature; graduated cylinders 
may be us(‘d in place* of more accurate apparatus. 

Let lit iiiicl in' roprestMit the woiKht.s of the first componeut used in (ho two exitoriineiits; 
lot / icpioxont its ooiKTiilration iu urmns por oalnr ('('iitiinetor at eiiuilibnuin in the upper 
jihasi' in hotli exporunents, sinoe by the pha.M' rule tho concentration at saturation cannot 
viiiy ; aiul, similarly, lot y represent its concentration in the lower jihasc in imth experiments. 

If, now, the measured volume.s of the ui)]»er iihase are a and u', and the volumes of the lower 
phase h and (>', it follows that <t.r -f hy ~ m, and a'x -f- h'y == in'. 

Sohiiin the otiuations for j ainl y will nixe the concentration of the first conuionent in 
each phaM', <'xj)reHscd m j)er cc. of solution. If, the equations arc again solved, substituting 
in place of m and in' the weights n and n' of the second cninponeut, its concentration in each 
phase becomes likewise known in the .same units. By adding together the weight of each 
comv>onent present in 1 cc. of a given i)hase, tho weight per cubic centimeter, or density, is 
obtained, and the iiercentago composition by weight thu.s follows, .V single pair of experi- 
ments will, th(*refore, give the solubility in unit volume and in unit weight. This procedure 
iinohcs no a.ssumptioiis as to changes of vtduine occurring. 

lu addition to plothostatic iind tliormostatic methods, barostatic methods 
are conceivable; none have been tlevised. 

' Wiiit. .tan,, 28, 305 (ISSti). 

phtistk. Chin., 26, 443 (IHUS). 

> Hill. J. .\in. ('hill. Soc.. 45 , 1143 tU>23). 

< Hill. lor. nt. 
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C. The Equilibrium: Solid-Liquid 

In passing to systems of two components in whicli solid phases are con- 
sidered, the relations differ markedly according as such phases consist of pure 
components, compounds, or solid solutions The cla>siticntion which will bo 
used in the effort to give as complete a treatment as povsiblo within short space 
is as follows: 

I. The solid phases con^i^t of pure components only. 

{a) Only one liquid phase appear'^; i e., the fused c<»mjionents have 
unlimited solubility. 

(b) Two liquid phases ai)pear; i.e , the fused components have limited 
solubility. 

11. The solid phases con.si.vt of compound>. 

(a) The solids show transition points, but no imdting points. 

(b) The solids show molting points, cuIIimI congrumit molting points. 

III. The solid pliasos consist of solid solutions. 

(a) Only one solid solution forms; i e., tin* .solids show complote mutual 
solubility. 

{b) Two .solid solutions form; i <*., the solids show limited mutual 
solubility. 

la. Pure Components as Solid Phases, with a Single Liquid: We shall de- 
\elop a diagram of an entirely general natur<‘ for this cas(‘ and afterward show 
that it indicate.s, at least qualitatively, relations which an* met with in some 
of our commonest laboratory e\periment;ition, such as the determination of 
melting jioints and of the solubility of .''oli<L in li<|uids, as w(‘ll as in important 
commercial operations, such as the manufacture (»f metallic alloys, 'rreating 
our systems as jircpared under tin* ])n‘^''Ure of their own vapor, or under 
atmos])lieric ])ressure, and omitting tin* \ap<»r phas(‘ from oonsidi'ration, w{‘ 
may use Fig. 14 to re|)resent the tiunperaf un'-coinposition n'lations of the 
system »Si — S>. Hen* the point R represents tlu* fn'ezing point of pure »S’i; 
as increasing quantitie.s of .S\. are add(‘d, the freezing point falls along tlui curve 
Ii(\ which therefore repre.sent'' tlu* (>(iuilibiiiim of .S' with the. ii(iuid [ihasi*. In 
like manner M is the freezing jioint (»f .S. and M(' its freezing-point curve. 
Since in all cases the freezing point <4 a component which exists in the solid 
phase in jmre condition i.'. lowered by the {jn'^mice of a second component in 
Its solution, the two curve> must take the general direction here indicated and 
must intersect at some point which will be discus.''cd later; r)ur freezing- 
pttint diagram therefore must show di'-coiitinuity, and the two branches to the 
curve represent respectively Si as soli<l jihaM; in ecpiilibrium with licpiid and 
S 2 as solid phase in equilibrium with liipiid. The two curves have been spoken 
of a.s freezing-point curves; they are al.so correctly named solubility curves, 
since they represent the concentration of the solutions saturated with a given 
phase at a given temperature, which is a definition of .solubility. It is worth 
emphasizing that there is no distinction of any .sort between a freezing-point 
curve and a solubility curve since each repre.sents tlie temperatures and com- 
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positions for tho oquilihriuin between solid and liquid. Most of our solubility 
data in tin* literature represent simply sections of the general curve CR or CM. 
It is also worth noting that in a two-component system of this type there is 
qualitative equivalence in the functions of the two components; that is, one 
is the solid phase through a part of the range of composition, and the other 
tlii'f)Ugh the remainder. 



Fit!. 1 1. Tlio Sy.stcin Si — S 2 . Tho Stilul Phuso'. mo Puro FoiiiiiononU, with one 
biquicl PIki^o Prt soiit 

The (liiigrain for a solubility curve such as CR is here given in its simplest 
form; it will fnapiently show wide variations from the simple form indicated 
here, the only unvarying condition being that it necessarily begins at the point 
of intersection (' and ends at the melting iioint R. It may, for example, show 
a discontinuity in direction at .some intermediate point; as previously stated, 
this is evidence of a change of phase and must represent (since compound forma- 
tion is here left out of discu.ssion) that the solid phase has a transition point 
from one polymorphic form to another. The curve for the equilibrium of 
silver nitrate (solid jihase) and water shows such a transition point at 160®; 
that for ammonium nitrate (solid phase) and water shows breaks at 32®, 82.7®, 
and 126.6®. Moreover, the curve sometime.^ fails in jiart of its course to main- 
tain its slojie toward the axis of the Milid component with temperature rise. 
A slope in this direction means an increa>e in solubility with rising temperature; 
but numerous instances exist in which the solubility decreases with rising 
temperature, well-known cases being calcium chromate in water and calcium 
citrate in water. Maximum and minimum points in the solubility curve are 
also by no means uncommon. All of these directions and changes of direction 
can be derived from van’t Hoff’s hnv Avhenever the thermal data are available; 
the solubility curve is ascending at a given point when the heat of solution in 
the saturated solution is negative at that point, is descending when the heat 
of solution is positive at that point, and is neither ascending nor descending 
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(which is the condition at a point of inaxiinum or mininuiin solubility) \vh('n 
the heat of solution is zero. In applyinfj; this law, however, it is necessary 
to remember that the heat of solution which governs the direction of the 
equilibrium by its sign is the heat td 'Solution at saluration, i e.. (ho heat tle- 
veloped by the last increment entering the solution. Van’t Hoff's law Iuih (<» 
do with a displacement of an e(iuilibriuin by thermal means; it is clear that 
what may happen in a sy^tiun n<>t yet in e<juilibriuin (i.e., not yet saturated) 
is altogether irrelevant. \ recollection of this method of api)lying the law i^ 
essential if one is to avoid error. For exami)le, it i'. common knowledge (hat 
when water is poured upon solid pota-"'iuni hydri>xide, much heat is evolved; 
if one deduced therefrom that the M>hibili(y of the comp»mnd decreased with 
the temperature, the eiror would be ilagrant. 'Fhe initial heat (d solution i" 
positive; it may be that the total heat of '^olution !■' po''iti\e; but the linal he.at 
(d solution, representing the di^s(»l\mg of (h«‘ la-t ineremiMit (Mitering tht‘ 
solution at the saturation point, is negatue, and hmice a ri'-e of leinpcM-atiire 
wiil result in the dis.solving of another incnuiKMit. 

Hoturtiiim to Fig 1 1, a solultilil\ curM' ■'(n li (' li n •..iluralKtii nt 

mndilioiis, it tw(* iii \\hi<li -ulmions mas o.-oir, >(al>lc m 

'I'lic area to tlie riglit of tin' (•ut\e (' li llic OTioii of .•,(iliitioii>. that to tla' li-lt 

1 ' the region of ni('ta>tal)lc Miix'ivatniated xiluiioii- V plia'C-i nh' (li'tiiKMion IxMweeii tlii"e 
throe tM)!’-' of solutions is not onl\ •simple, l.ut i> tin* ouU h.gu al one \ saturated Milutioii 
l'^ OIK' in eijuilihiiuni with the -olid idia'^e and I-, tln'ieloie unalTeeted 1>\ addition of nioie 
■'olld phase, an uiisaturati'd snlnt ion i-' one w Im li w ill di'-oU e nnue solid pha^e if it 1 m’ add« d, 
and a supersaturated solution i-. ..in* wlinh. heiiig inetaxtahle. will po'eipitati- solid phase 
from Its own (omposition ami fall to the i.oint of s.,tuiation if a nucleus of the s,,lid phas.' 
ho addl'd. .Ml eoneeiUs of degiees of satui ition must alwa\s refer to a parlnul.ii solid oi 
saturating iihaso (.s’, in the easo of the enne C li). s,,,. e ., s.,lntion in equilihriuin with one 
phase IS qiiiti' eapahlo of enteimg into n-'w ie| itions of satur.ition with lesperM to sonn' soniml 
phase. 

Tlie intersection (d the t\\o-solultili(\ eur\('s (T), ealh'd (he i uUrUc ptinil, is 
tin* most interesting jioiiit of tin* diagiaiii Since the eur\e Ji( reprt'si'iits 
.solutioii.s .saturated with S'l, and M(' solutions saturated with S',, t lie inter- 
section must repre.sent a .solution saturateil with both .solids. The system 
represented by this point consists of two solid phas('s, solution and vapor, and 
is called a quadriiide iioint: by the iihase-iule eipiatmii, it is an invariant point. 
A^.solution to be in eiiuilibrium with both sohds can hav(‘ (iM'refore only the 
eutectic composition C and can exist in stable e(iuilibrium oiil> at the eutectic 
temperature, /r- Hi'‘'<' temperatun' abioo /, results in the disaiipi'araiice of 

one or both solid phases, and fall of temperature in the disappearance of the 
liquid. The eutectic point may lie delined in terms cd these pln'iioinena; it is 
an invariant temperature at which the phas(‘ reaction of the .sptem, upon 
removal of heat without change of ti'iiiperature, results in the disappearance 
of the liquid phase. 

In a system incliidini; a oiitoclic we liiivo a .simple ami wiilcly used means 
of securing a constant temperature. If two soliiK, properly cliosen as to their 
solubility relations, are brought together in the eutectic proportion or an} 
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proportion approximating the same, they will begin the process of dissolving 
which, being endothermal in all common cases 'for both solids, reduces the 
temperature to the eutectic temperature. If, now, the system is well enough 
insulated so that heat can reach it from without only at a moderate rate, and 
is well stirred so that solution of the solids can occur quickly and temperature 
inequalities be eliminated, it will remain constant at the eutectic temperature 
until one of the solids has dissolved completely. With proper apparatus, ex- 
tremely constant temperatures result; but, as pointed out in our introduction, 
it does not follow that the equilibrium will be reached at all if the apparatus 
is unsuited. Thus, the eutectic temperature for sodium chloride and water 
is - 22.4°, and a coarse mixture of the two solids, ice and salt, gives a reasonably 
effective freezing mixture for the household ice-cream freezer; but it is doubtful 
if this mixture, poorly insulated from the outside and warmed from the inside, 
practically free from stirring and with the salt and ice poorly mixed, ever gets 
within many degrees of - 22°; that is, no equilibrium is reached. But, if 
snow and fine salt be put in a Dewar flask and well stirred, a perfectly con^tani 
temperature may be maintained for hours; equilibrium is really attained. 
Kxamples of other eutectic temperatures and compositions will be given later 
in Table XXVIII, together with eutectics of other classes. 

The existence of eutectics for systems of salts and water was first observed 
by Guthrie.‘ At first, in the absence of knowledge of the phase rule, incorrect 
interpretations were made. The solid separating out was thought to be a 
compound, and was called a cryohydrate, the point being named the cryo- 
hydric point. The view that the solid was a compound was based upon its 
constant composition; for, it will be seen (Fig. 14) that if the solution C deposits 
solid by abstraction of heat and at the same time itself remains unchanged in 
composition, as the phase rule requires for an invariant point, the solid precipi- 
tated must be of the same composition as the liquid and will therefore also have 
an unvarying composition; reversing the process and warming this solid 
material, it will melt at a constant temperature, which is likewise the behavior 
of a pure compound. The fact that the solid is not a compound, but a mixture 
of solid phases, was shown by Pfaundler * and Ofer ^ who showed the identity 
of the physical properties of this material with those of a mixture; heterogeneity 
can sometimes be detected by careful direct examination, and always by means 
of microscopical examination. Constancy of composition and constancy of 
melting point alone, it will be seen, cannot establish a chemical compound; tnc 
application of the phase rule (here nothing more intricate is involved than the 
intersection of two lities) is, however, adequate to settle the question. It will 
later be shown that the evidence of the phase rule may be not only negative 
ns to compound formation, as in this instance, but may also be positive. 

The general diagram of Fig. 14 may be used to illustrate the effect of iso- 
thermal and isoplethal changes. Assume that pure component Si be taken 

> Phil, Mag,, (4) 49 , 1, 206, 268 (1875). 

* Ber., 20, 2223 (1877). 

» Wien, Akad„ 81, II, 1058 (1880). 
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at Bome temperature, a, below the melting points of both compounds and that Si 
be added to it continuously at constant temperatures; the isotherm ah will 
indicate, by its intersections, all the changes which occur. Addition of solid 
Si will produce at once a small amount of solution of the composition in 
equilibrium with St, as indicated by n'u, serving as a tie-line between the 
liquid and solid, which bear a conjugate relation to each other. Addition of 
more Si will increase the mass of the solution a' without altering its composition, 
since it is a saturated solution at that temperature, but the mass of solitl 
decreases by dissolving; finally all S 2 has dissolved, and the composition falls on 
a'b* above a'. The solution is now unsaturated with resj)ect to either solid, 
and grows richer in Si until the composition // is reached, which is that of a 
solution saturated with iSj; from this point onwanl the comj)osition of the 
liquid remains fixed while its quantity diminishes until the point h, representing 
pure solid iSi, is reached. 

For nn i.«)plethal .study, we will ju^sutiic a coinidcx of Ni eoiilainiiitf a very siuall amount 
of ropre.sentcd by r; this will serve not only (o -^how all (ho itliahO ehamie.s poNsihle, 

hut will illustrate the very practical oxpeninent of takin« the inehniK point of a slightly 
impure solid. At c the coniplex con.si^t.s of a mixture of two hoIkIh, A’j In'ing i)ref<ont only 
in traces, a.s the temperature rises along the isopleth r «/, no clnmgi* (xanirs until the outeetic 
temperature, te, is reached. Here, liquid jiha.so of the eompo.sition t’ is fonneil, and solid 
»S’j disappears in the formation of the s<»lution; the ielati\e .anaiunls of solid .S'l and of solution 
are represented by the length.s c'C and c'tc'. Now, if our total comjiosition were nearer that 
of C, the amount of the soluti(»n wouhl be .sullieient to be M>ible. an<l (here would Ih' .a halt 
in the rise of temperature of the system while the endothermal formation of tins solution 
was occurring; but, with the comjiosition which we ha\<* juirposel,\ chosen, tlu' amount of 
the liquid is so small that it is not visible, any more than would be a drop of water jxaired 
upon n bucket of sand, and there is no detectilde halt in the temperature riw‘. As we now 
pass along c'd' toward d', the length tc' c' repres^uiting the relative mass of nolution remains 
constant, while the length representing the mass of solid .Si is constantly decK'asmg, wdiich 
means that in reality we arc obtaining more Iniuitl phase and losing solid jihase. ,\t some 
point, e, the amount of licjuid becomes large enough to be seen, and the total mass softens ; 
from then onward it liecome.s .softer and M.fter. until at d' it clarilies completelv with the 
disappearance of solid. To .sjieak in the inexact term.s of th<‘ experiment, tlie solid did not 
melt shanily, but melted between the temiwratureH c and d'. It will lie seen that the length 
of this temperature interval decrea.si's a.s the i.sopleth is raised toward the axis .Si, s() that 
the “ 8harpnes.s” of the melting point is a criteiion of the purity of .S’,. Only in the conq.lete 
absence of a second component does the substance possess a true melting point, H. 

Systems of two component.s which are represented diagniintnaliciilly by 
vf'ig. 14 arc very numerous. They include many pairs of organic compounds 
and of inorganic compounds; salt.s with water fall into thi.s class in numerous 
instances, and the solubility curve of a salt as given in the various solubility 
tables is usually a section, more or le.ss complete, of one of the curves of 
the diagram; metallic alloys occasionally fall into this Class. The term alloy 
is so broadly used that it is not easily defined; mo.st simply phrased, an alloy 
is a substance containing two or more components which are metals. In 
practice, however, w’e do not hesitate to apply the term to iron-carbon alloys, 
in w'hich only one of the components is a metal. In Table XXIII are given 
three typical cases of systems which may l>e represented by Pig. 14. 
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Cyclohexane: Benzene • 

Silver Nitrate: Water* 

Lead: Silver* 

^Point, 

Temp. 

Per Cent 
Cyclohexane 

Temp. 

Per Cent 
Silver Nitrate 

Temp. 

Per Cent 
Silver 

M 

'+ 50 

0 

0° 

0 

327® 

0 

C 

- 6,2 

- 11.3 

- 26.9 

- 36.2 
- (44) 

17.04 
28.26 
62.88 

65.05 
(76) 

-7 

46.2 

303.3 

5 


-37.1 

78.55 

+ 6 

56.3 

460 

10 


- 31.2 

84.56 

20 

67.8 

535 

20 


- 16.6 

88.34 1 

40.5 

76.8 

648 

50 


- 6.7 

93.42 

135 

92.8 

875 


R ! 

+ 6.2 

100 

208 

100 

961.5 

100 


i Mascarelli and Peatalozzi, Oazz. chim. Hal., 38, 38 (1908). 
* Etard, .4nn, chim. phya., (7) 2, 624 (1894). 

•Petrenko, Z. anorg. Cham., 53, 200 (1907). 


In the case of alloys, the conditions at the eutectic are of importance, not 
only as determining the lowest melting point for the metallic pair but also as 
affecting the structure and physical properties of the solid alloy. If some com- 
position other than 'the eutectic composition be taken and the molten metallic 
solution cooled, upon reaching the freezing-point curve RC or MC in Fig. 14 
(dependent on whether Sx or St is in excess), crystals of the one component 
begin to form throughout the liquid mass. When the temperature has dropped 
to the eutectic temperature, tc, it will there remain constant and crystals of 
both iSi and will form in the eutectic ratio and continue to form until the 
mass is entirely solid. This crystallization of the two solids in a continuously 
uniform ratio fills in the interstices between the crystals previously formed with 
a conglomerate which, though truly a mixture, is remarkably uniform in 
character. By the methods of metallography, such metallic surfaces can be 
examined under the microscope; under high magnification the eutectic mixture 
shows its heterogeneity, as in Fig. 15a, but its approximation to homogeneity 
as shown in Fig. 156 is such that in mctallographic work it is looked upon as a 
^‘structural element” as if it were a single phase. 

Ib. Pure Coflaponenta aa Solid Phases, with Two Liquid Phases OccttiYisg: 
It has previously been pointed out that if a system of two conjugate liquids 
with an upper consolute temperature be cooled, aqd if it be the fact that hd 
lower consolute point exists, a solid phase will eventually appear. Thmw Hdll 
then be present four phases (5 — Li - L* - F) and the system is inrarkht. 
Such a system must show in its graph a two-liquid area in eonneotiohi i^th a 
solubility curve such as was discussed in the preceding examples; Fig. 16 b a 
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type figure drawn to represent such relations^in which the points A and B 
represent the composition of the two conjugate liquids which are in equilibrium 
with the solid phase Si at the temperature L It will be seen that such a system 
contains the two-liquid curve shown earlier in Fig. 1 1 and the two solubility 
curves shown in Fig. 14, the difference being in the apparent break in the 
solubility curve CB-AR (Fig. 16) at its points of contact with the two-liquid 
curve. The only new considerations that enter are, therefore, limited to this 
point in the diagram. 

Tjjhe temperature t at which these four phases are in ecpiilibrium gives us 
an added example of a quadruple j)oint. We have previously discussed the 
eut('ctic as such a point, the phases being .S’l - .Sj ~ L — V; the transition 
temperature of two polymorphic 
forms, mentioned previously but 
not discussed, is of the same class, 
with two solids, one liquid and 
\a,"or‘ our new examide differs in 
having two coexisting liquids. No 
s))ecific name has been given to 
till'' type of (luadrui)le point, but it 
nevertheless one df consideral)le 
int(‘rest. Its recognition give.s us 
a phase-rule explanation of a coin- 
num occurrence in organic practice, 
namely, the so-called “melting 
under water'’ of various com- 
})ounds, this jilienomenon occurs 
frefiuently 'at temperatures far ladow the true melting point of the pure ConJ- 
])ound. It will 'occur invariably in tuo-eomponmit systems of the type under 
discussion if one experiments \Nith compl(*\es of a comjiosition intermediate 
Ix'tween A and B, tlie two conjugate solutions; such a complex is represented 
I>y X in Fig. 16. 

At tho initial temi)(*rafurf“ of r, ilio s\‘-icrii (onM''t'< of the ‘^olid .S’l in fM^uiliUrium with 
it« hatiiratod sidution x', aw can Ik* read from the diaKrain, if the tcnipiTaturc Imi raiised 
along the isoplcth xl), the concentration of tin- -oluiion rncs along (^li, linally reaching the 
coniijoaition li. At the (juadruplc point t the teinperatun' rise will halt, and as the HoUd Si 
, continues to di.s.solvc, a new liquid phaM* Ix'gins to form, t)f the eonijiosiimn A. It will bo 
•seen that the new liquid i.s not sinipl\ a la\er of inolti'ii .S'l. hut is a stilulion, tho phenomenon 
is then not at all the melting of a solid into a li(|Uid of nh-ntnal eonipoHition, as happetui 
with a pure onc-eompoiient l>ody, but is the formal ion of a second conjugate liquid. On 
continued application of heat, the solid .S'l will dis:q>pear cmnpletely, and only two liquids 
(with vapor) remain; the continuation of the isoplcth to the point I) has l^een discussed in 
connection with Fig. 11, 

This phenomenon of “melting under water,” or indeed under any other 
liipiid, since it represents an invariant temperature, is a perfectly definite 
property for any compound, and might serve as a criterion of its purity, 
although in practice other properties are more convenient. A few examples 
of such quadruple points follow. 



Phases I’rcscnt 



414 


A TREATISE ON PHYSICAL CHEMISTRY 


TABLE XXIV 

The Quadruple Point S — Li — Li — F 


Substiuicca 

M.P. of Pure 
Component 

Quadruple 

Temp. 

Wt. Per Cent of First- 
named Component 

Li 

Li 

Benzoic neid-wutor 

121.4“ 

98“ 

71 

7 

Phenol -water ... 

42.7 

1.7 

72 

2.5 

Succinic nitrile-water 

53 

18.5 

92 

10.2 

Water-ether 

0 

- 3.8 

99 

87.3 

Re.forcin-benzono 

no 

95.5 

68.5 

15 


At invariant tcniperatiires such as appear at t and tc in Fig. 16 there occur 
pha^e reactions; that is, the addition or subtraction of heat results in the 
passage of substances from one phase to another, without change of 
ature, and in the ultimate appearance or disappearance of a phase. The 
course of such phase reactions can be easily followed from the diagram. 

At the teniporuture t, omitting rcferoncc to the vapor phase, which will be present after 
the reaction as well as before, the compositions of the three phases which bear a conjugate 
relation, as shown by the tie-line t, are represented by iSi, A and B, Of these, A (one of the 
solutions) is intermediate in composition l)etwcen /Si and 5; it follows geometrically that A 
can bo formed from certain quantities of St and B, but that it is impossible to form /Si alone 
from any quantities of A and B, or B alone from any quantities of A and /Si. The phase of 
intermediate composition is formed always from those of the extreme composition, and the 
phase reaction which occurs upon adding or subtracting heat is 

,Si -f u ^ Li. 

where Lj stands for the composition B and Li for the composition A. 

It remiiiiiH to decide which of these rever.sible changes occurs upon addition 
of heat and which upon subtraction. If thermal data are available, the con- 
clusion could bo reached by u.se of van't Hoff’s law; but in the absence of such 
data, the diagram will give the answer. Inspection shows that areas in which 
Lx is represented exist only at temperatures above t, while Sx and Lz exist 
both below and above tliat temperature; hence, the arrow pointing to the 
right represents the reaction resulting upon addition of heat. We may also 
deduce what uuivariant equilibria (two phases plus vapor) have their origihy^ 
at this quadruple point. There will be as many as there are combinations of 
two out of the three phases, which are: 

S\ + Ljj at lower temperatures (curve BC), 

Li -f Li, at higher temperature {curve B DA), 

Lx + iSi, at higher temperature (curve AR). 

If now we apply the same reasoning to conditions at the other quadruple point, 
namely, the eutectic C, we obtain the following: 

Phase reaction: /Si + Sz ~~ Lt 
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Univariant equilibria: Si -f St, at lower temperatures, 

Si + Li, at higher temperatures (curve CB — AR, since 
Li and Lj are equivalent when not con- 
jugate), 

Si + Li, at higher temperatures (curve CM). 

From the invariant points existing for the system, we have deduced all 
the univariant equilibria which exist (i.e., all the curves of Fig. 16). There 
remains for discussion only the question of the solubility curve for Si -f L 
between the points A and B. To tliis is ascribed an S form (sliown in the 
dotted lines), with a point of inflection, such as is drawn to represent the van 
der Waals equation for p — t? relations of a gas and liquid, and such as has 
previously been shown in Fig. 10. Of course, all parts of this are eitlier meta- 
stable or unrealizable. 

As a complete example of a system rei)re.sented by Fig. IG, the data for 
succinic nitrile and water are given in Table XXV. 

TABLE XXV 


Succinic Nithile a.nd W.\teu > 


Solubility Curve 

s Co 

njuKiite I.iuuid.' 

('urve IJD.i 


Temp. 

Mol. Per 
Cent Nitrile 

Point Tom]). 

Li Mol. 

Per ('ent 

Ia Mol. 

Per Cent 



Point 

O'* 

0 

18.5° 

■jr) 

72 

li, .4 

- 1.2 

1.20 

C 20 

2.7 

70.7 


0 

1..36 

30 


.56.4 


17 

2.3 

45 

.5.07 

-- 


18.5 

2.5 and 72 

]i, .1 53.5 

10 

30.7 


24 

76.6 

circa (.").).5) 

ciica 20 

20 

I) 

20..3 

81.2 





.54.5 

100 

li 







‘ Schreinemakers, Z. physik. Chun., 23, 4.{'J (.lsU7). 


As special cases falling into this class .should be included systems in which 
the conjugate solutions arc metastable, i.e., the curve ADB is wholly to the 
left of the solubility curve GBAR, as Alexejew found for salicylic acid and 
water,* and also the rare instances in which the conjugate solutions show a 
lower consolute temperature, in winch case the conjugate curve is conjoined to 
a descending solubility curve; such a relation exi.sts in the system: potassium 
iodide-sulphur dioxide.^ 

Ha. Compounds as Solid Phases, without Congruent Melting Points: 

Systems of this type introduce few considerations not already advanced. They 
are, however, extremely common; whenever any two components show a high 

*Wied.Ann., 28 . 305 (1886). 

» Waldon and Centnprsxwor. Z. phynik. Chrm.. 42 . 4.32 n003). 
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(|(>cr('e of feolubility, it is probable that there is more or less compound formation 
in the liquid phase, and frequently one or more of these compounds will form 
.solid phases as well; the formation of solid hydrates of salts for example is of 
the co/nmonest occurrence. The classical instance of a system of this tyjx' 
is (riven by sodium sulfate and water; studied first more than a century ago 
by Zis and by Gay-Lussac/ it has bad its various solubility curves and transi- 
tion points determined by a number of investigators, the work having been 
completed recently by Wuite ^ at the high temperatures leading up to the 
critical temperature of the solution. The composition-temperature diagram 
is shown schematically in Fig. 17. The curve AB is the freezing-point curve 



for ice, which ends at the eutectic B (— 1.2°); here the other solid pha.se is the 
(leeahydrate, NuaSOj. lOHoO, which is an additive compound formed of the 
two components. The solubility curve for the decahydratc rises with the 
temperature up to 32.4°, which is its transition temperature (F.) to the an- 
hydrou.s form and the distinctive point of this diagram. TJie curve for the 
anhydrous sulfate shows a solubility diminishing with rise of temperature up 
to about 125° where it reaches a minimum value, afterward rising until the 
temperature is 234°. Hero (point G) occurs a transition from the common 
crystalline form, which is rhombic, to a polymorphic monoclinic form which 
has a diminishing solubility up to 365°, wliich is the critical temperature of 
the solution; the concentration of the salt in the liquid pha.se is here very low 
and the critical temperature is practically that of pure w’ater. The four solid 
phases occurring in equilibrium with solution along tliis curve are represented 
by ir (ice), 5io (decahydrate), Sr (rhombic anhydrous salt) and Sm (mono- 
clinic anhydrous form). The data for these four solubility curves follow, the 

> Zis, Schu'fog. Joum., 15, 100 (1815). Gay-Lussac, Ann, chim, phya., 11, 296 (1819). 

* Z. physik. Chan., 86, (1914). 
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composition of the solution being given, as is customary, in weight per cent of 
Na2S04 present, irrespective of the nature of tlie solid phase. 


TABLE XXV- A 


The System: Sodii’m Sulk\te-W\tku 


Solid Phase: Ice 
{AB)^ 

Solid Phase. XaStli lOHvO 
{HF) * 

Solid Phase- XajSOi 
Uhombic {FU) * 

Temp. 

Per Cent XaiSOi 
in Solution 

Temi). 

Per Cent Xa;S()i 
in Solution 

Temp. 

Per Cent Xa:S()i 
in Solution 

- O.G° 

1.96 

0° 

1.76 

4.'i‘’ 

.44.1 

- 1.2 

4.85 

10 

.S4 

50 

41.S 



20 

16,4 

100 

29.8 



.40 

2!) 0 

190 

40.4 



42.7 

.14 6 

241 

41 0 



Soli.l Pl.Mvo: X!»«S()4 7lh() ((’/O » 


IVr NiisSOi in SnlnUnn 

KU 

■J-.i.l 

■J7.0 

;n.(> 


' cU‘ ('oppct, Ann. c/iirn. phyi., (4) 25, .ViO (ls7J). Z. phy'.il. Chnn., 22, 24'.) (IMlO- 
2 Soidell, Solubilities, X. Y., 11)1'.), p. <>)>7. 

•* Wuitc, loc. nt. 


This system shows the jdienomeiion of ,'^usp(•n«le(l tran.'iformation to a 
marked extent, ti.'' indicated by the dotted lines in tlie diagram. 

The solubililv eur^-e for the decahydnite HF has been earrie,! M.iiie di^tanee be,\ ..nd the 
transition temperature of .42 4°, to the point F'. Here, as in all eases «.f snlul.ility, the hoIu- 
l)ility of the meta.stable Ixaly is hiRher than that of the Htable Inidy, m. that if a erystal of 
the anhydrous salt is put into the solution of the eo.niK>Hition F', the solubility drops to h 
with a simultaneous drop of temperature, ..nee the pre.-.p.tation of tlie solu is an endot herm.e 
reaction. The solubility ^ur^•c of the rhombi* anh\dnais salt, 6'F, has also been prolonned 
a considerable distance into the metastable re^Mon. as slumn l.y FI), and the lee curve AH 
has been extended to C. In this metastalile region to the left of HF a second hydrate, of 
the formula Xa-SOi 7HjO. has l>een found, havinn a solubility curve ( h , it is itself inetaHtable 
and gives rise to a inctastablc eutectic yyith ice at - 4 (C ) and a metastable transition 
point to the decahydrate. E, at 24 2°. The data h.r this curve are given as the last part 
of Table XXV. 


The complete system, Na2S04 - H^O, shows the five quadruple points or 
invariant points 5 , C, E, F and (!. B and C will be recognized at once as 
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eutectics. E, F And G are transition points, of which we will discuss one (F) 
in some detail. The point F represents the stable transition point of the deca- 
hydrato to the rhombic anhydrous form, the phase reaction being the following : 
NaxSO^. lOIIjO NazSO* -f* solution. The change from left to right repre- 
sents a partial fusion, since the solid hydrate changes to a solution plus a second 
solid; such a transition is sometimes called an incongruent melting point, to 
distinguish it from a true or congruent melting point, which will be discussed 
with our next type of system. While not a melting point in the exact sense, 
it is nevertheless a change of great practical usefulness, since it occurs at an 
invariant temperature and therefore gives a convenient means of obtaining a 
definite and constant temperature. If a sample of the hydrate be subjected 
to the influence of a higher temperature, it will maintain this constant temper- 
ature F until the transformation is complete. Richards ^ has found the temper- 
ature to be 32.383°, as carried out in an open vessel; this is not exactly the 
quadruple point, which by definition must be under the natural vapor pressure 
of the system, and has been found to be 32.6°.* The transition points of this 
and other hydrates give us one of our most convenient methods of obtaining 
fixed points for the standardization of thermometers.® Such transition points 
are also of use in making constant-temperature baths for experimental w'ork. 
Further, since the transition from anhydrous salt to hydrate is an exothermic 
change, such materials find use as thermophores or heat-producing mixtures for 
warming purposes; thus, a quantity of sodium acetate and water, if heated above 
its transition point and allowed to cool, forms a metastable saturated solution of 
the anhydrous salt and water, but, upon crystallization of the stable hydrate 
being started by agitation or other means, the temperature will rise to the 
transition temperature (58°) * of the compound NaC'JIaO.. 3 II 2 O and remain 
at that temperature until all the heat of transformation has been evolved. 

We shall consider next the vapor-pressure relations of this system. In 
the first i)lace, it should be stated that for a two-component system there can 
be no such thing as the vapor pressure of a single solid such as Na 2 S 04 . lOHoO, 
for if we imagine a ves.sel containing oidy this .solid and water vapor there are 
but two phases present, so that the system is bivariant and any vapor pressure 
may be maintained within certain limits. It is only when three phases are 
present that the system becomes uiiivariant and has a definite vapor pressure 
for each temperature, and this vapor pressure will depend upon wliich choice 
of three phases is present. We must consider then the vapor pressures of all 
the various phase-complexes, and not the indefinite pressures of a single com- 
pound or solution. The three-phase univariant systems with the two com- 

illiohards, /. phy,vk. Chan., 26 . 090 (1898); Richards and ^VdU, ihiti., 43 , 405 (1903); 
Dickinson and Mueller, J. ..4m. Chem. Sue., 29, 1381 (1907). 

* Cohen, Z. physik. Chem., 14 , 90 (1894). 

• Hichard.s, loc. at.; Richards and Churchill, ibid,, 28, 313 (1899); Richards and Wells, 
loc. at.; Richards and Wrede, ‘ibid., 61 , 313 (1908); Richards and Fiske, J. -Im. Chem. Soc., 
36 , 485 (1914). 

♦The transition point is very close to the metastable conjugate melting point; Green, 
J. Phy9. Chem., 12, 656 (1908); Miller, ibid., 12. 649 (1908). 
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ponents sodium sulfate and water (omitting the heptahydrate from considera- 
tion because of its metastability, and the monoclinic anhydrous form because 
of the high temi^eratures required) are the following, vapor phase being as- 
sumed present in each instance: Sr - L - T, aS,o - Sr - T, and 5io ~ L - V. 
In Fig. 18 these three curves are shown schematically; the solution phase is in 
each case the saturated solution, since 
only when saturated can it remain in 
equilibrium with the solid phase. The 
continuous curve AB is the curve for 
the pressure of the system consisting of 
rhombic anhydrous salt and saturat(‘d 
solution; it rises with temperature rise, 
and is here shown for temperatures 
both below and ;ibove its transition 
point C at 32.4°. Considering next the 
curve for the decahydrate and saturated 
solution, it must, at the lower temper- 
atures where it is in stable equilibrium, 
have a higher vapor pressure than the 
first system, since the conc(‘nf ration of salt in its saturated solution is less than 
in the metastable solution; we must represent it therefore l)y a i)oint I), above 
A. Tliis curve also will rise with rising temperature and must pass through 
the point C, since at that temperature the same ..olution is saturated with 
respect to both solid jihases; the two systems could not luive different vajior 
pressures, otherwise, vapor would distill from one to the other, or, in other 
words, the two systems would not be in ecjuilibrium. The curve DU thendore 
lies above AC throughout; and it shouhl be pointed <>ut that then' is no in- 
consistency in the stable system having th<* higher vajior jiressun', but that, 
for a two-component system where solutions are presi'ut, the higher vapor 
pres.sure for the stable system is a necessity. The third system, consisting of 
the two solid jihases and vapor, has the lowest vapor pressure, which is repre- 
sented by EC; it is a stable system below .32.4°, f<»r certain ranges of composition 
as shown in the upper left-hand corner of l-'ig. 17. This curve also must pass 
through the quadru])le point C, since at that temperature the two solids are 
not only in equilibrium wuth each other but are also in ('(piilibriuin with sidu- 
tion, and hence must show' the same vapor pressure as systems including the so- 
lution, The Complete diagram slmw's one t lir(‘(*-phase system stable above 32.4° 
and tw’o systems stable below; above that tempc'rature th(>re is therefore only 
one equilibr um vapor pressure po'^sible for thn*e jihases, w'hilc below’^ it there 
may be either of tw’o. Which of these two will prevail at a given tenirierature is 
solely a question of the total (piantities present in the system. Let us suppose 
that, in a dc.siccator at room temperature, i.s put a large (piantity of anhydrous 
Na 2 S 04 as a drying agent and above it a dish containing a small amount of 
saturated solution including crystal.^ (»f Na 2 S 04 . lOILO; in that case the total 
composition will be represented by the point x in Fig. 17. The vapor pressure 




420 


A TREATISE ON PHYSICAL CHEMISTRY 


of the system 5io + L {DC in Fig. 18) is higher than that of aSio + Sr {EC in 
Fig. 18); vapor at the higher pressure will therefore hydrate the anhydrous 
desiccating agent, forming the system of lower vapor pressure, and the solution 
will evaporate completely, leaving pure Na2SO4.10H2O on the dish under a 
pressure on the line EC (Fig. 18). Such a system can be used to obtain a 
hydrate of definite composition for analytical purposes.' If, on the other 
hand, the amount of anhydrous Na2S04 taken were small, so that the total 
composition is that of y in Fig. 17, it would be completely hydrated before the 
.solution is evaporated, and the higher vapor pressure represented by DC (Fig. 
18) would prevail. 

Ilb. Compounds as Solid Phases, with Congruent Melting Point: In a 

large number of systems in which additive compounds exist, it is found that 
these compounds not only possess a transition point such as has been described 
above, but also po.sscss the property of melting sharply and distinctly into a 
li(iuid of the same composition as the solid. Such bodies arc said to possess a 
congruent melting point, and possess a solubility curve quite different from 
those previously discussed. Phenol and aniline fall into this class, and will 
.serve as (jur example. In this system three different solid pha.ses appear, 
namely, aniline, phenol, and a compound of the formula C6H6NH2.C6H.>>OH. 
These give rise to three solubility curves which are represented in Fig. 19 by 
the three curves de, ah, and hed] the data follow from which the curves are 
drawn. 



Fui. lU. Tht* Phonol-.\niline (Schematic) 


The composition of the solutions is given in molar percentages, which is 
always the most logical method of representing composition and is here of 
especial convenience where the composition of compounds is to be deduced. 
The point d in Fig. 19 is a eutectic, from which originates the solubility curve 
for the compound, dc\ the solubility increases with temperature up to 31® and 
‘ Hill nnd Smith. J. .4m. CAcm. Soc., 44 . 546 (1922). 
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TABLE XXVT 

The System: Axiline-Phexol ‘ 


Aniline in Solution in Moles per HX) Moles 


Solid Phase: Aniline (de) 

Solid Phase, (\uiipound (hrd) 

Solid Ph:iM- 

Phmiol (oh) 

Temp. 

Composition 

Temp. 

Compo>,ition 

Temp. 

('ompodtion 

- G.l® 

100 f 

(-12") 

( ) d 


( ) l> 

- 7.1 

n8..5 

— .’j.2 

s\) 2 

IS 5 

20.1 

- 8.1 

90.9 

-f 5.7 

SA 7 

25..1 

15 4 

- 9.5 

94.8 

22 

70 1 

29 5 

11 I) 

- 11.4 

92.4 

27..5 

(>() <) 

52 

9 S 

- (12) 

( ) 

29 5 

55 5 

55 

() 5 



(51) 

(.*>0 0) r 

.57 A 

1.0 



29.9 

45 2 

(10) 

0 0 0 



27.7 

.57 





21 9 






10.2 

2.( 1 





(15) 

( ) h 




* Sc'hreinernakcrs, Z. phystk. Chem,, 29, Asl (l.yJ'J). 


11 0()in])Oijiti()ii of oO per C('n( iiioliir of niiiliiio iiiul «>f |))iciu>l, (hat i>, a 1 1 

molar ratio. Thi.s is, from (lio <lia>?ram, (he point of maximum (omiaTatiin' 
at whicli the compouiul can exi^t in (‘(piilihrium uith solution, the solution, 
it will 1)0 seen, has here tlie .same com|) 0 ''ition as the solnh 1 hi^ point, in- 
variant in tliat there are present three pha^'s and that the rostiiction is im- 
posed that .solution and .solid shall have the saiin’ composition, is (he con^;ruent 
melting point; it is also spoken of as a dyakclK', in contradi'-tinetion to a eiiti'ctic, 
it being the highest melting point and the cutc'ctie the lowest hrom r the 
curve is retrograde to the point l>. which i-- a second <‘ut(‘e,tic with compound 
and phenol as the two solid jihases, 

A curve of this ch.'iraeter. showni)? :« tnaxitiiuin tiaiip'Talure jiimI a n'lruKriid*' ilireciioii 
upon one branch, is considered jtroof of Ijoth the oeeurrence iind tlie composition of a com- 
|)ound; * the compo-'ifion i.s read directly from llu‘ ordinate (liere 1 . 1 of phenol and aniline) 
and I.S therefore known without the necessity for the isolatmn and analysis of the .solid. 
In many ea.ses the separation of a .solid for anapsis is .Idhcult ..r impossible, in such cases 
the i)hase-rule evidence is invalualile. Our knowledne f»f compound formation m alloys, 
for example, is very larRcly based upon eyidenee of this t\pe. 

It will be at once observed that, at certain teinperaturi's, such as 2.) in 
the above ca.se, there are two solutions, .r and .r rt'spectively, which can be in 
equilibrium with the same solid pha.se (here the compound, abbreviated as AP) 
at the same temperature. This paradox finds a simple explanation if we look 
upon our diagram a.s showing two systems and divided along the line/r; con- 

* An exception to this reasoning is the occurrence of a maximum freezing point of a solid 
solution, which will be discussed later. 
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sitlering now the upper half, it shows the two-component system, phenol- 
compound, with a perfectly regular pair of freezing-point curves such as were 
given earlier in Fig. 14. The choice of these two components is entirely 
permissible, since the composition of all the phases may be expressed in terms 
of the two; and the freezing-point curve of the compound (cb) shows the usual 
depression of freezing point with addition of the second component, phenol. 
In like fashion the lower half of Fig. 19 represents the system aniline-com- 
pound, and the freezing point of the compound is lowered by the addition 
of aniline. Returning to the complete figure, the freezing point of the com- 
pound is lowered by either aniline or phenol, as it would be with any component, 
whether or not that component could enter into its own composition. Any 
system showing congruent melting points may be resolved, for purposes of in- 
terpretation, into a number of two-component systems along the lines of the 
composition of the congruently melting compounds. 

In the study of systems composed of a salt and water, many examples of 
hydrates arc found which melt congruently and have diagrams built upon the 
type of Fig. 19. Thus, to mention a few, the hydrate Na2S207.5H20 melts 
congruently at 50®, and NaC2Ha02.3n20 at 58®; calcium chloride forms the 
hydrates CaCl2.61l20, Ca(32 4H2O (alpha form), CaCl2 4H2O (beta form), 
CaCla. 21120 and CaCbi.HaO, of which only the hexahydrate * melts con- 
gruontly. The system ferric chloride-water * is perhaps the most striking 
instance of multiple congruent melting points. There are four stable liydrates, 
121120,^ FeaCle.TIIaO, FeaCle 5II2O and Fe2Cl6. 41120, all possessing 
congruent molting points. The detailed solubility data will be omitted, but 
the tcmj)eratures and compositions at the six eutectics and the four congruent 
melting points are given below. Fig. 20 represents the system graphically. 


TABLE XXVII 

The System: FERuir Chloiude-Wateh 


Tuint (Fin. 20) 

Temperature 

Solid Phase-s 

Moles Fe 2 CU 
per 100 
Moles H 2 O 

M.P... 

A 

0° 

Ice 

0 

Eutectic . . . 

B 

— 5o 

Ice : Fe 2 CU 12HjO 

2.75 

Dystoctic. , , 

C 

+ 37 

Fe,CU.12Hj() 

8.33 (-1: 12) 

Eutectic . , 

D 

27.4 

Fe,CU 121120 ; FojCl* 7 H 2 O 

12.15 

Dystoctic .... 

E 

32.5 

Fe,CI».7H20 

14.29 (« 1:7) 

Eutectic 

F 

:«) 

FejCU.7H20 ; Fe2ri6 51120 

15.12 

Dystectic .... 

G 

.56 

FC 1 CI.. 5 H 2 O 

20.00 (-1:5) 

Eutectic 

H 

55 

Fe,CU.6H,0 : FeCU 4H20 

20.32 

Dystectic , . . 

J 

73.5 

Fc,CU.4H,0 . 

25.00 (-1:4) 

Eutectic... . 

K 

66 

FeC1..4HiO : Fe,CU 

29.2 

Eutectic 

M (inetastable) 

15 

FeCI,.12H,0 : FcCle SILO 



* RooBoboom, Z. phyaik. Chem., 4 , 31 (1889). 

* Rooaobooni. ibid., 10, 477 (1892), 

* The double fonnula FojCU is used in order to avoid fractional coeflBcients for the watei 



HETEROGENEOUS EQUILIBRIUM 


423 


In systems like the above, in which only one of the components is appreciably volatile 
(here the water), very interesting phase changes occur upon isothermal evaporation. Let 
us assume that an unsaturated solution of ferric chloride and water l>e maintained at a 
constant temperature of 31®; the point is represcnfctl by x in Fig. 21. If it l)e alloweil to 
evaporate at this temperature, all changes that occur will Ik? represented by the intersection 
of the isotherm at 31® with the various solubility eurv’cs. Aa water evaporates, the solution 
becomes more concentrated, until at the composition 1 it Ijcgins to precipitate FciCli 12HiO. 
The composition of the solution, which is now saturated, of coijrse rcinaiiis constant until 
It has completely evaporated, leaving only solid l)chind: meantime, the totid composition 
has risen to the point 2, which is the composition of the h\drate. As water now leaves the 



h>drato by evaporation, solution of the conijKisuion .‘I begins to ai»pcar, increasing in amount 
until the whole ma.s.s has li«piefied and has the (“omposition of the point 3; that is, liy removal 
of water isothennally, the solution x has first changed lomplctelv to solid and then changed 
coniidetely to licpiid. Following the i-sotherm ui>wnrd. at the jioints t, and (i the procesa 
is again repeated in detail, and at 7 there is a third solidification which is not again followed 
by li<juefaction. These remarkable change.s. which find simple n-|)rcs«*ntation in a pha»o- 
rule diagram, would be (juite inexplicable in the ab'-cnce of the j)huse rule. 

General Considerations Relative to 
Types la, Ib, Ila and lib: Solubility 
curves such as tho.se of type Ilb, in 
which congruent melting points occur, 
have been shown to be of great value 
in determining the existence and com- 
position of compound.s. Such curves, 
for example, will determine beyond 
dispute in the case of optical isomers 
whether the inactive form is a racemic 
niixture or a racemic compound; in the 
first instance the freezing-point curves, 



lemperofure 


Fio. 21. Inothermal Evaporation in 
the System, Ferric Chlorido-Water 
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or solubility diagram, will show a single eutectic only (as in Fig. 14), while 
in the latter case there will be two eutectics and a congruent melting point 
(as in Fig. 19). In this latter case the diagram will show perfect symmetry; 
inasmuch as optical antipodes show similar physical properties, the two melting 
points of the pure components will be the same, the slope of the two solubility 
curves will be the same, and, as a result, the two eutectics will have the same 
temperature; and the composition ratio at one of them will be simply the 
inverse of that at the other. The congruent melting point may be either higher 
or lower than the melting point of the pure components. 

It will 1)0 Hpi)aroiit that Hystonia may .show the types of curves indicated for more than 
one tyijo; thus cidciuiTi chloride and water show points of incoiiKruent transition as well as 
i-onuruent incltinK points, and the formation of two liquid phases is by no means restricted 
to systems showing only a sinKlo eutectic, like succinic nitrile and water (Fig. 16), but occurs 
Jis well where tlu're are transition points and conKruent mcltinR points. However, any 
two-conii)onent system (cxecptinR those in which solid .solution occurs, which still remain 
to be discussed) cun be treated as a coml)ination of the.se four types; in short, solubility 
curve.s, trnn.s[tion points, eutectics, conKruent meltiiiK points aiul meltiiiK points of components 
include all th(! pha.so relations afTectiuK the solid-liquid oiuilibrium. 

Eutectics for tlie system composed of salt aiul water have proven so useful 
for experimental work that an abbreviated list is given in Table XXVI 11. 
Herewitli arc included, also, those for a few acids with water, and bases with 
water. 

TABLE XXVIII 


TwO-CoM 1‘ONKNT EUTKCTtCS 


Component 

Solid T*hu.HC. 
with Icc 

Kutcctic 

Tompciaturc 

\Vt. Per Cent 
Component 

Nu!8()4 

NajS04 lOHiO 

- 1 . 2 ° 

3.S5 

MkB04 

MkS04 711^0 

- 3.9 

19 

KBr 

KBr 

-13 

32.15 

NH4N03 

NILNOj 

- 17.35 

41.2 

NaCl 

NaCl 

- 22.4 

23 

NaCl 

Na(n 2 Hj() 

- 21.2 

22.4 

CiH4(L 

C 2 II 4 O 5 

- 26.75 

58.9 

CaCli 

Ca('l, (ifljO 

— 55 

29.9 

FeCl, 

FeCIs 6 Hi() 

— 55 

33.1 

AkCKL 

Ak(' 104 HiO 

- 58 

73 

KOH 

KOH 4HjO 

(-70) 

(32) 

H,S()4 

HtSOi 4HiO , 

— 75 

38 

HCl 

HCl 3HiO 

- 86 

24.8 


Ilia. Solid Solutions as Solid Phases; A Single Solid Solution Present: 

Abnormalities in the freezing-point curves of certain systems led van’t Hoff * 
to the view that the solid being precipitated was not a pure component, but 
a solid phase of variable composition to which he gave the name solid solution. 
Brief reference to solid solution has been made in the section on the Distribu- 
‘ Z. physxk. Chem., 5. 322 (1890). 
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tion Law, A definition of such a substance is simple; it is to be viewed as a 
phese and therefore homogeneous, and of variable composition and therefore 
a solution, existing in the solid state. The concept of a solid .solution occasion- 
ally gives difficulty, but if approached de jwvo it is no more difficult (and also 
no less difficult) than the concept of a licpiid .'Solution. It is the idea of homo- 
geneity in a body in which we know that there is more than one substance 
•present that gives the difficulty; and it is true that to admit salt water as 
homogeneous is perhaps impoi^sible philo.'^ophically ami no le.''S so if one })refers 
to think in terms of the molecular hypothesis. But .salt \\ater is homogeneous 
if defined empirically; that is, heterogeneity has not been demonstrated ex- 
perimentally, and the treatment of it as hom<»geneous under the plias<* rule 
brings about no contradictions. In exactly the same manner, a .solid solution 
is regarded as homogeneous for the same (‘miurical naisons, Thi‘ ditliculty 
to the student has not been les.sened by calling thes(‘ solid solutions by the 
contradictory name of ''mixed crystals,” when the essential fact is that a 
volid solution is not a mixture (d crystals, but a uniform, homogeneous ))hase. 

In solid solution the condition is independent of the state of tin* imre com- 
jionents under the same temperature and pressure, ju^t as for Inpiid solutions; 
that is, the phase is equally a solid and etpially Inumtgeneous whetln*!' it be made 
from a solid and a gas, a .solid and a lupiid, or from two solids. Tin* property 
of solubility in the solid .state is howevi'r much le.ss common than in the licpiid 
state, as has been previously pointed out, and (d cour^'C less common than in 
tin* gaseous state, where all cominments are soluble. 

In dealing with liipiid solutions, we have h‘arin'<l that, in some two-com- 
ponent systems, the licpiids show complete mutual solubility, gi\ing rise to 
but a single liquid ])hase, while other systmiis, in which tln*r(* is limited solu- 
bility, form two li(iui<l jihases bearing conjugate* relation to each otln*r. 1 he 
*“am(' Conditions jircvail bir solids; tin* two com))oin*nts may dissolve mutually 
111 all proportions, forming only a single solid solution, or may posst'ss limited 
"olubility and form two .solid .solutions which are conjugate*. l'Ate*nding our 
use of the term cemjugate beyeinel its ap|)hcation to two liepiid .solutions, it 
will be seen that we may have the* cemjugate* re*lati<m betwe'cn a liepiiel anel a 
soliel solutiein anel also between two 
solid solutions. We shall give eiur 
attention first to case's where the 
conjugate pha.ses are a liquiel solution 
and a solid solution. 

Our problem being to trace the 
course of the equilibrium between a 
>olid (albeit a solid solutiem) anel a 
liquid pha.se, it is obvious that, to 
'how' the changes of concentration 
with the temperature, a freezing- 
point curve can be constructeel. In 
our previous attention to freezing- 



Fio. 22. Viif)or PrCHsurc of Component 
A ill Solid and Liquid Phaaen 
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point curves we have assumed, in accordance with the laws of dilute solution, 
tliat the freezing point of a solid is always lowered by the presence of a second 
component in the liquid phase. This assumption is justified, by the laws of 
tJiermodyriamics, as long as the solid phase is a pure component; but there is 
no foundation for any such generalization when the solid phase is a solid solu- 
tion. In this ca.se, the freezing point of the solid solution may be either lower 
than that of the pure component, equal to it or higher, and all three possi- 
bilities are known. Fig. 22 is designed to demonstrate qualitatively these 
three conditions. 

Lot us Cfinsiilor th<! vui)or j^rossurc of the ooniijoncnt A alone (i.e., its so-called partial 
prcBsure) in n system composed of A and B. The curve ax in the vnpor-pressure curve of 
tlio pure solid and hx that of the pure li(iuid phase, the two interseetiiiK at j; this relationship 
for a sinjilo component has i)reviously been shown in Fijj. 4. Let us now consider that the 
liquid phase has an amount of B added to it; the curv’c reprcsentiiiK the vapor pressure of A in 
this solution must fall liolow the curve for pure luiuid yl, since the vapor pressure of A is always 
lowered by a second conjponetjt. The curv’O for this .solution, <}xu intersects az at the point 
ji, and the point of intersection is the freezinR point, at which the vapor pres.suro of A in the 
two phases is the same, that beinR a necessary condition for oiuilibiium. The point n is, 
by the dianram, lu'cessarily at a temperature ti lower than t, which accords with the rule 
that where the solid phase is the i)ure eomi)on«nt its freezinR jmint is always lowered by a 
second component in the sohition. Let us now consider however that the solid phase which 
forms is a solid solution containinR varyinR quantities of B; the curves representiiiR 
the pressure of A in these solid solutions fall below ax a distance dependent on 
the amount of B present in the solid phase. The intei sections of these curves 
for the solid phase with that for the liquid pha.se (dxi) are the freezing points, where the 
pressure of A in both phases is the same; and it will be seen that, according as the solid 
phase contains little or much B, the freezing point is below t(tj). C(jual to it (ts) or alx)ve it 
(td. As to the concentrations in the phases at these various ])oints, it can be shown thermo- 
dynamically, as it has l)oen shown exi)erimentally, that the following rule holds; if the 
concentration of the secoiul component is greater in tin* liipiid phase than in the solid phase, 
the freezing point is lowered (ji and xi), and if it is greater in the solid phase, the freezing 
point ia rai.sed (xt). 

What lias been shown for .solid .solution.s in which .1 i.s the predominating 
compontMit may also bo sliown where li predominates; it follows then that in 
a general system .1 ~ B where .solid solution occurs, the freezing point of each 
solid phase may be lowered, the freezing points of (‘tich may be raised, or one 
may have its freezing point raised and the other have it lowered.^ There will 
therefore be three types of curves necessary to express these three cases. 

Let US now recapitulate what has been learned about sy.stems consisting of a 
liquid phase and single solid solution, so that we may be in position to interpret 
complete diagrams: (1) there will be a liquid solution and solid solution bearing 
a conjugate relation to each other, and of course two .separate curves will be 
necessary to show the composition of these two phases; (2) since only one solid 
phase and one liquid phase have been postulated, and only one vapor phase is 
possible, there can not be more than three phases present, and no invariant 
points, wliich require four phases (eutectics, transition points, etc.), can appear; 

‘ The special case ia which freezing points are neither raised nor lowered will not be 
discussed in detail ; the two optically active oximes of camphor offer an example of this case. 
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(3) the freezing points of a pure component may be either raised or lowered 
by the second component, giving rise to three types of curves. 

In Fig. 23 have been drawn schematic representations of complete systems 
fulfilling these requirements. Curve 1 illustrates the case wliere each com- 
ponent has its melting point lowere<l by the second. The curve agcfe repre- 
sents the composition of the liquid phase, and is called the liquiduR curve: the 
dotted line abode is the curve for the solid phase, called the solidus curve, and 
the tie-lines show the conjugate relation. The position of these two curves 
with reference to each other fulfills the rule (levelope<l above; at a given temper- 
ature t the liquid ])ha.sc/ contains more of .1 than does the solid phase d which 
tliercfore has a lower melting point than that of pure B{e), and likewise the 



Temperature 

Fig. 2.3. The X-H, S(>h<l Pha'.«\ a .'Suliilioii 


liquid g contains more of li than does the solid pli.aso b, in accordance with 
which its melting point is lower than that of pun* .t(u). Ihe point c b«‘arH a 
superficial resemblance to a eutectic, but i.^ in no .stuise to i)(‘ regarded as such, 
.since it is not an invariant point ; it i^ corn'ctly <l(‘scribed as a minimum melting 
point, wdiich i.s a characteristic point in .‘>.\st(‘m'' of the tyjie in which each 
component lias it.s melting point lowenal by th(‘ other. 

Information as 0) the ineltinn and freezitin point- in >u<h a can lie Kainod by 

following an isopleth from the point j lo«ar.l lo«cr tcmi*cra(ure.. Starting uith this com- 
position and temperature, the ma-.s i.s Iniuid until the temperature of Xi is reai he , ere 
solid appears, but of the composition X 7 , as indicated mi the tie-line x\ — xi, and it is apparent 
that the solid will l>e relatively rich in A and the li.|m.l iicli in Ji. If now the temi>eraturo 
lie allowed to fall, the isojileth crosses tie-lines joining all compositions of solid from xt to xt, 
and all compo.sitioas of liquid from xi to x*. the solid will therefore lie increasing in amount 
and in concentration of li along the line x, - x, and the liquid decreasing in amount and 
also increasing in concentration of B along xi - x,. so that the last dro], of Inpud has the 
composition x* and the total .solid the composition x,. If the temperature l>e halted la-twecn 
X, and x,. fractional crystallization can l^e cfTectcd . t his w ill \jo discussed later. The tempera- 
ture XI is the temperature at which, for this composition, solid first apiiears, and is spoken 
of as the freezing point of that complex; by extension, the whole liquidus curve is regarded 
&A a freezing-point curve. On the other hand, the jiomt x, is the imint at which liquid first 
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api^mrs on temperature, and is called the melting point, so that the solidus curve is a 
melting-point curve. For such a system it is clear that the terms melting point and freezing 
point represent entirely different temperatures; it is only where a solid liquefies to form a 
liquid phase of the same composition as itself that the term melting point and freezing point are 
interchangeable, as in the case of a one-component body or a compound melting congruently. 

Mercuric bromide and iodide give curves represented by Curve I, Fig. 23, 
with a minimum point at 59 per cent HgBr 2 (molar) and 216.1°. The small 
inconsi.stencies at 100 per cent HgBr 2 and 0 per cent HgBr-., as well as at the 
minimum point, represent experimental error. 


TABLE XXIX 


Thk System; Mercuhio Bromide-Mercuric Iodide* 


Molar Per Cent 
HgBra 

100 

00 

SO 

70 

00 

oO 

•10. . . 

00 

1>0 

10 

0 


Freezing Point 
(Liquid us Curve) 
.. 230.5® 

. . 228.8 
... 222.2 
....217.8 
. .. 210.1 
. 217..3 

... . 221.1 

227.8 

230.2 

245.5 

255.4 


Melting Point 
(Solidus Curve) 
230® 

226 

219 

217 
215.5 
216 

218 
223 
231 
242 
254 


' Ueinders, Z. physik. Chem., 32, 494 (1900). 


The other tw’o types of curves obtained are showm in Fig. 23 as Curves 11 
and III. (’urve II represents the case where the melting point of .1 is depressed 
by B, but that of B raised by .1 ; hence the liquid phase at all temperatures is 
richer in B than is the solid pha.^e, to account for melting points lower than 
that of .1, or to state the same condition differently, the solid phase is richer 
in than is the liquid phase, to account for melting points higher than B. 
Curve III represents the elevation of the melting points of both components, 
leading to a maximum melting point; the position of the liquidus and solidus 
curves wall be found to accord with the rule relating to concentrations in the 
two phases with the rise in freezing point. Instances illustrating Curves II 
and III are known. In general, complete mutual solubility of the solids leading 
to systems represented by these three curves are not' very common, and natu- 
rally enough occur most freijuently where the two components are closely 
related, as benzene and thiophene (Table IX), mercuric iodide and bromide 
(Table XXIX), metals of like character or optical isomers. 

nib. Solid Solutions as Solid Phases; Two Solid Solutions Present: 
When the two components show a limited solubility in the solid phase, a number 
of new relations appear. In the first place, these twm solid solutions will bear 
a conjugate relation to each other. Secondly, if the temperature limits of this 
conjugate curve extend up to the temperatures where liquids exist, there will 
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be two solids and a liquid coexisting which, with the vapor pl\aso, make four 
phases and give rise to an invariant ])oint which meets the definition of a 
eutectic or transition point. Further, eitlier of these solid solutions alone may 
1)0 in conjugate relation to the liquid phase giving rise to conjugate solidus- 
liquidus curves such as have been shown in Fig. 23. The conjugate relation- 
ship of the two solid phases will be discus.sed under a later heading, the rela- 
tionships with the liquid phase being our present topic. 

When the solidus-liquidus curves show a minimum melting jviint, lik(‘ that 
of Fig. 23, Curve I, the existence of two solid .solutions ])roduces a eutectic 
at this point; the condition is shown in Fig. 24. Here the Inpiid of minimum 
freezing point, h, is in equilibrium with the two solid solutions of coinimsitioii 
d and e, as shown by the tie-line dhe. This corresponds to a eutectic. Indeed, 
the system may be compared with the simplest melting-point diagram, that of 
Fig. 14, and the single distinction is that the liquid phases in Fig. 21 are con- 
jugate with solid solutions, represented by m f and edg, whereas in Fig. 14 tlu‘y 
are conjugate with the pure components. Pota.ssium nitrati' and thallium 
nitrate ^ are an example of this class. 

When the solidus-liquidus curves rise from the melting point of one com- 
ponent to that of the second, the sy.stem may be repri'-^ented by h'lg. 25. Here 



Fu;. 24. The System A-B. Solid Ph.-iM-. 
Two Solid Solutions with Faitectic 



Temperature 


Kk. 2.') Thr S\''l<'m A-B: Solid Phiws, 
T«i» Solid Solution> with TninMt ion Point 


the juncture of the conjugate curve for the solid soluti<»ns (fc — f/M with the 
conjugate solid-liquid curves {ad — ac) produces an invariant comlition where 
the phases are the two solid solutions c and h, the litpiid solution d and \apor. 
This corresponds to a transition point, as shown earlier in Fig. 17, it is marked 
by the appearance of a new .solid phase, whether one cools the system *Si -f L 
or warms the system Sz 4- L\, and by a discontinuity of the solubility cur\e 
at d. Silver nitrate and .sodium nitrate ‘ offer an illustration of this type of 

• Wan Eyk. Z. phmk. Chem., 30. IdO (IKW). 

* Hifwink. Z. phynik. Chem., 32, .>42 (lUOO). 
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curve; the transition temperature t is 217.5®, at which temperature the liquid 
d contains 19.5 per cent molar of sodium nitrate, and the solid solutions b and e 
26 per cent and 38 per cent respectively. 

General Considerations on the Solid-Liquid Equilibrium: The various 
systems that have been illustrated in the study of solid-liquid equilibrium 
require as experimental data a solubility curve in every case; that is, knowledge 
of the composition of the liquid phase at each temperature and likewise knowl- 
edge of the composition of the solid phase in equilibrium with it. The experi- 
mental methods for determining the composition of the liquid may again be 
classed as plcthostatic and thermostatic. Among plethostatic methods the 
most commonly used is the so-called freezing-point method of Beckmann, 
which needs no description here; by it the temperature is determined at which 
solid phase begins to appear from a liquid complex of known composition. 
Similar in principle but less delicate in execution is the method of sealing the 
known complex in a closed tube, lowering and raising the temperature of a 
surrounding bath and observing the temperature at which the solid phase 
appears and disui)pears; the method can be used at high temperatures at which 
the mat(!rials would disappear by boiling if in open vessels. Thermostatic 
methods are conducted by stirring or otherwise agitating materials at a fixed 
temperature until equilibrium has been obtained and then withdrawing a 
sample of the solution for analysis. 

These reliable and well-known methods give data as to the composition of 
the liquid phase, but give no information at all as to tlic saturating solid phase. 
In some instances the solid jdiase can be removed by filtration and prepared for 
analysis; but it should be remarked that this procedure requires careful con- 
trol and, in general, some considerable previous knowledge of the system if 
error is to be avoided. Such a solid phase is of course always wet with liquid, 
the complete removal of which is necessary before analysis. The process of 
removal, and the temperature control of the work must be such that no change 
in the solid phase occurs; and where the solid is, for example, a hydrate or 
other compound containing a volatile component, changes in composition are 
not always easy to avoid. For that reason certain indirect methods of de- 
termining the composition of the solid are often more reliable. One such 
indirect method lias already been indicated; where the solid pha.se is a com- 
pound with a congruent melting point, its composition may be taken from the 
diagram (see Fig. 19) and is the same as that of the coexisting liquid phase. 

A floconcl method proposed by Bancroft ^ consists in adding to the system of the two 
components A and B a small known amount of a third component C which does not enter 
the Bolid phase; the ratio of A to C in this complex is written xi and that of .B to C as yi. 
Upon cooling to the temperature at which a solid phase has appeared, the liquid is again 
analysed and the ratio of A to (7 recorded as xj and that of B to C as yj. The change in the 
ratio of A to C represents the amount of A that has gone into the solid and is therefore 
xi — xj, while 1/1 — 1/1 represents the amount of B which has entered the solid phase; the 
formula, if it be a compound, is accordingly (x — xi)A.(i/i - i/t)B. If the solid is a solid 
solution instead of a compound, its composition is also correctly given, but a second experiment 

> Bancroft, J. Phyg. Chrm., 6, 178 (1902). 
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with altered concentrations of A and B taken must of course give an altere<i composition of 
the solid solution. 

By all means the commonest method however of determining the nature of 
the solid is by a study of the cooling curve for the system, a method proposed 
bv Tammann ' and almost universally used in the study of alloys, wliere the 
mechanical isolation of a solid phase is out of the ([uestion. It i-^ clear that if 
a heated system is allowed to cool with a con^itant otitside temperatiirc en- 
vironment, the loss of heat will depend upon the heat radiation of the system as 
a whole, including the container, and the heat changes occurring within the 
svstem as a result of alteration in the chemical eciuilibrium with the temper- 
ature. Keeping these two factors in mind, let us plot schematically a cooling 
curve for a system like that of Fig. 11, starting ^\lth a complex .r; in Fig. 2() 
we will plot the results, using time an<l temperature as cobrdinate.s. The 
system is composed of lirpiid and vapor and is therefore bivariant, so that 
its temperature may fall without producing any pha.se reaction; the cooling 
curve therefore beginning at a will be a smooth cur\e At the temperatun' 
at wliich the solution reaches saturation how(‘V(‘r, solid pha.M* appears and heat 
is produced by that phase reaction so that the din'ction of the cooling curvi3 
is altered and the rate of cooling le^sened; ft, the |)oint of discontinuity, is the 
saturation temperature. The system now consists of three phases and is 
uni variant, permitting the fall of temperature to continue until the eutectic 
temperature is reached; Jiere occurs, at c, a second discontinuity in direction, 
and what is most important, the temperature will remain constant (tin* system 
being now of four jihases and invariant) until the Inpiid has entirely disapj)earod, 
the positive heat of formation of the eutectic solids compensating for the loss of 
heat by radiation. When the liipiid has finally disappeared, the system be- 
comes univariant and a cooling curve </c for the solids follows. 

The cooling curve has revcalc<i ccrta.n “ arrests,” h aial c. in.licatinK Icn.poraturcs uerti- 
nent to the study of the system, bj rcp.-titmu under altered eireunnslatieeK it, may also 



Fio. 26. Cooling Curve for a Two Com- 
ponent System 



Composition 


Fia. 27. Eutectic Halt, Showing Com- 
position of Eutectic Solids 


« Z. anorff. 37, 303 (190.3); 45 . 24 (190.5). 
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made to reveal the desired composition of the solid phase. It is the time of the eute* \ i,- 
halt (i.e., the time interval c - d) which may be made to give this information. It is obvious 
that the duration of the eutectic halt depends upon the quantity of liquid components whu h 
change to solid and thus produce the heat which halts the cooling. If amounts of A and B 
of the same total weight as in the first experiment be taken, but now of the eutectic compoM- 
tion as y in Fig. 14, there will be no "arrest” at any point until the eutectic temperature 
is reached and the halt will be extended to its maximum, namely, cid, Fig. 26. That com- 
position therefore which gives the maximum eutectic halt establishes the composition of tlio 
solid phases at the eutectic. In like manner, a halt will occur at other invariant points, such 

as a transition point; hut if a composition of a 
compound having a congruent melting point i, 
taken, there will bo no eutectic halt, since, 
as previously pointed out, such a compound 
acts like an independent component and can 
therefore have no eutectic. The relationship 
of the eutectic halt to the compo.sition of these 
solid phases is rendered clearer by Figs. 27 
and 28, in which the duration of the eutectic 
halt with the compo.sition is plotted directly 
below the temperature-composition plot; it 
will be seen that the maximum eutectic halt 
shows the eutectic composition, and zero eutec- 
tic halt shows the composition of pure com- 
ponents and congruently melting compounds. 
Hy more extended thermal methods it becomes 
possible to determine the compo.sition of com- 
Fio. 28. Eutectic Halt. Showing (^nmpo.si- l^unds which do not melt congruently and of 
tion of Compound and of Eutectic Solids solutions as well ; such methods have been 

invaluable in the study of metallography.^ 

Another general con.sideratiou of interest ia the purification of solids by 
cry.stallization. Ilecrystallization of salts from water or (jf organic compounds 
from proper solvents is of course a common jirocedure; it .should be noted 
however that in each of the.se operations the purpose i.s to ])urify from some 
relatively small quantity of a third component. The separation of a pure 
substance from a two-component complex is by no means so commonly prac- 
ticed, nor perhaps so well understood; indeed the separation of two substances 
by distillation rather than crystallization is employed, not infrequently to the 
disregard of this simpler method. For purpo.ses of comparison, it may be 
stated that most substances are volatile, and that therefore a distillation will 
in the majority of ca.ses yield a vapor con‘<isting ol both components, so that 
tedious fractional distillation is necessary in order to obtain cither component 
reasonably pure; on the other hand, since most substances are mutually in- 
solubhi in the solid state, in the majority of instances a pure component can 
be separated from a two-component solution by the simple process of cooling, 
and only occasionally is fractional crystallization necessary. With compressed 
carbon dioxide generally available, temperatures as low as - - 78° (its sublima- 
tion pre.ssure under one atmosphere pressure) are conveniently obtained, and, 
in many localities, liquid air is available for production of temperatures down 

‘ See Krenitinn. Die Anwenduiig tier Thennsieheti Analyse, Stuttgart. 1909. 

® Thiol and (’aspar. Z. physik. Chem., 86. 23 (1914). 
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to — 180®, £0 that the conditions for the separation of many substances by 
crystallization are not difficult to secure. If the substances used solidify as 
j>ure components or compounds, as in the systems illustrated by Figs. 14 to 
20, it is necessary only to bring the total composition to a jmint on the desired 
side of the eutectic composition, and then to cool the .system, stopping however 
above the eutectic temperature so as not to precipitate the .second solid phase. 
The impurity (i.e., the second phase) is now on, but not in, the second pliase; 
the solid retains the solution possibly by occlu.sion between crystals, or ailsorp- 
tion upon the surface. Good mechanical .separation (the centrifugal machine 
is invaluable for this purpose) will leave traces only of solution present ami a 
second crystallization of a sample so nearly pure will freipiently give material 
of the highest purity. The usefulness of this metliod of separating organic 
compounds, such as various isomers, has not yet been sutliciently realized. 

When, however, the solid pha.'^e which forms is a solid solution, it is neces- 
sary to resort to a fractional crystallization, just as it is usually nece.ssary to 
resort to fractional distillation to separate by means of the vapor jihasi*. Tin' 
nature of the work of a fractional crystallization will be briefly explained. 

In Fii?. 29 is shown a .section of a diagram for a s\ stem h;u inn solid solutions, it is entirely 
inmiuterial what section of a complete dianrani it he taken to r<‘i>re.sent. I'xci'jit in so far as 
(I H'prcsi'nt.s a point of lower temperature, such as the minimum meltinn jioint of (’urve 1, 
I'ln. 23, or the ineltinn point of the pure c(»m|)on<Mit in ('ur\e II or III, whih* h repr(‘sent.s 
a point of higher temperature such as the maximum melting point of ('urve III or ii melting 
point of a component. Let a complex x (Fig. 29) he cooUhI, at c, (he freezing point on (he 
liiluidus curx'e, solid l>egin.s to appear. Ia'I the complex now' lai cooled only to the point d, 
corresponding to the temperature t, at which the sjsteni will he only partly solid; the solid 
phu.se w’ill now have the composition </'. If these crjstals he filtered ofT, iiK'lted and cooled, 
cry.stallization I>egins at the higher (emiierature ami the .second croj) of crystals will have 
a composition c' hetween d' and depending on the point at which crystallization is arbitrarily 
slopped. The cry .stabs obtained are th<>refore approximating the compo.sition b with repeaUai 
fractionation, and the liijuid is thendore approxim.iting a, how ea.Hily or Imw completely 
(hey may' be brought to these eorniiositions depends of course on the relative jiositions of 
the luiuidus and solidus curves for the s\Ktem. just .is a fractional distillation depends on 
the partial pressures of the comiionents. 

If now wc compare the section used in Fig 2!) with the comph'te curves of 
Fig. 23, the following generalization nmy bo mad(‘; by a fractional crystallizti- 
tion w’here solid solution occurs, the solid plia.se may be brought to the com- 
position of the maximum freezing point, if such exi.sts, or to that of ti pure com- 
ponent, while the liquid phase may be brought to the compo.sition of the 
minimum freezing point, if such exists, or to tlmt of a pure comi>on(*nt. 

D. The Kquiubrh .m (Iv.s-Soi.id 

Of the three possible diagrams to represent the ecpiilibria between gas and 
^olid phases, namely, the pres'^ure-composition (/>-c), pres.stire-temperaturo 
iP't) and temperature-composition (f-r) diagram, we shall h(d(?ct the first 
two as most instructive, and as an example will choose a system consisting 
•*f a salt and w’ater, where hydrate formation (.ccurs. If we keep the w’ater 
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small enough in amount so that no liquid phase occurs, the possible phases 
consist of water vapor, anhydrous salt, and as many hydrates as occur. Copper 
sulphate forms a number of hydrates, namely, CUSO4.H2O, CUSO4.3H2O and 
CuS04.5Hj 0. Let us examine first the pressure-temperature relations, and 
insert them in Tig. 30 . It must be stated that anhydrous CUSO4 may be kept 




Fio. 20. Fruf’tional C’ry.HtHlli''atiori Fio. 30. Vapor Pressure Curv'cs for Hy- 

drates of Copper Sulfate 

in contact with water vapor of c(>rtain i)ressures and temperatures without the 
slightest formation of a hydrate- a fact of primary importance in freeing our 
minds from the erroneous impression that this compound (or any substance) is 
a perfect dehydrating agent. The diagram therefore shows an area for the 
bivarinnt equilibrium CuSO^ -f- ILO, within which both pre.ssure and temper- 
ature may be altered simultaneously without altering the number of phases; 
the formula CuS()4 -f vapor are |)rinte(l in this area. If, however, the pressure 
of water vapor is i!icreu.><e(l, th(*re comes, for each temperature, a point at which 
the hydrate CuS04.IIi0 forms: .-ince three i)hases are now pre.sent, the system 
is now uuivariant, and the curve i)V represents the pressures and temperatures 
for that cquilibimim. The curve is commonly spoken of as the dissociation 
curve for the monoliydrate, since it represents the dissociation pressure of the 
reaction CuSOi.lIjO ~> CUSO4 + H.O (vapor). If we desire to speak of it 
as a vapor-pressure curve, it is the vapor-pressure curve for the system 
CUSO4.H3O - CuSOj - vai)or, and not, correctly speaking, for the hydrate 
alone; for this hydrate has no vapor-pressure curve, but, on the contrary, a 
vapor-])rcssure area above tlie curve. In this area, again, the two-phase 
system is bivariant, and is bounde<l above by the vapor-i)ressure curve for 
tile system CuS()4.HiO - C\iS04 3H2O - vapor. ' The other areas and vapor- 
pressure curves may be read from the figure; some of the data are given below. 

A number of conclusions may be drawn from Fig. 30 . As to dehydrating 
efficiency, it is apparent that CUSO4, put in a moist atmosphere or into a non- 
reacting liquid containing water, will never remove all the water, but will com- 
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TABLE XXX 

Dissociation Pressures of Hydrates of Copper Sulfate « 


Temp. 

CuSO« 5H,0 1 

-CuSOi.aHjO 

CuS04 3HjO 
- ('USO 4 HjO 

CuSO, HjO - ('uSOi 

2 . 1 ° 

7.8 mm. 

5.0 mm. 

0 S mm. 

.to 

11. > 




35 i 

16.5 

ll.s 1 


40 

23.2 



4.j 

32.8 

2J 1 


.',0 

45.4 

.10.9 

1 5 

SO 

200.1 

is.t.l 



» Chiefly from Carpenter and Jefte, J Am. Chrm. Soc., 45 . 578 (11)^8). See alv) Wilwtn, 
tW., 43 , 704 (1921): Noyes and Wc'^throok. ihul., 43 , 72(> (1921). 


bine with it at a given temperature D and reduce tlie aipieous pressure to a 
certain definite amount, depending on tJie (piantity of ('uSO^ jiresent; if it lie so 
>-mall that it is completely converted into (''uS ()4 511 -d), the pressure will fall 
to G; if it be larger, so that all the water jmssiblc can be taken up without the 
formation of any hydrate higher than (’uSOi H-d), the pressure will fall to E\ 
but under no circumstances can it fall to zero. The same reasoning applies of 
eour.se if other salts forming hydrates are used as desiccating agents. Further, 
It will be seen that, at a given temperature, all three hydrates an? perfectly 
stable and capable of existence; there is no necessary lower limit for the existimco 
of a hydrate in equilibrium with a vapor, althougli there freipiently is a lower 
limit for its existence in contact with solution. The upper limit of a vaiior- 
pressure curve of this character i" reached where tliere is a congruent melting 
point or a transition, jiroducing a liipiid jiha^e an<l therefore a new system with 
a new vapor-pressure curve. That this is the single limitation to (he curves 
at high temperatures is freipiently forgotten, and was not at all understood 
previous to the use of the })hase rule; as a result, the student should bo on his 
guard against statements emanating from the older literature to the effect 
that such and such a liydrate ‘dose.s water at 100°," when all that is meant is 
that the experimenter noticed a rapid loss of water at that ti'inperature, and 
not that a transition point exists. As Fig. HO indicates, a given liydrate will 
lose water at any temperature, if the aqueous pre.^surc is less than that of its 
dissociation curve; in the terms of the phase rule, since a hydrate and its vapor 
constitute a bivariant system, they may exist at any pressure, if the temper- 
ature is low enough, and at any temperature if the pressure is high enough 
^provided only that a transition or melting point does not intervene). 

A pressure-composition diagram of the same system, given in Fig. 31, shows the conditions 
at a fixed temperature, taken arbitrarily here as 50° If anhjdrous copper sulphtip- 1)0 
introduced into a vessel and wafer tapor intrfMluced continuously, the pressure will rise 
''ontinuoualy along ab from xero pressure to 4.5 mm. l^efore any water is taken up by the 
salt, since up to b the aqueous pressure is less than the dissociation pressure of the mono- 
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hydrate. At b the monohydrate begins to form, and since there are now two solid phases 
and vapor present at constant temperature the system is invariant and pressure increase i? 
impossible as long as the three phases coexist. The water vapor continuously introduce i] ig 
taken up in the formation of the monohydrate, resulting in a change of total composition of 
the solid phases along the line he; when the conversion of CuSOi into CuSOi . HtO is complete 
at c, the pressure again rises without affecting the composition of the monohydrate, alon;,' 
cd, until the diasociafioii pressure of the trihydrate is reached at d (30 mm,), at which point 
the frihydrute begins to form. Similar changes in direction of the vapor-pressure curve 
occur at e, /, and y; the diagram as a whole shows a series of horizontal curv'es where two 
solids ami vapor are i>resent. 



Composition of 3oUdphose 


Fin. m. The System, Copper Sulfate Water. Isotherm at 50° C. 

The Slime general conditions, described above for systems in which a hydrate 
is formed, are met with in any system in which the two components form a 
solid compound or compounds, and a vapor compo.sod of one component. 
Important examples which have been studied include among others the follow- 
ing systems: CaO — CX) 2 ;‘ AgCT — NHj,* and similar amines; Hg - 0;.^ 
Systems in which both components are volatile, as in the case of NHj -b HCl 
and Nils -f- COj, exhibit more complicated relations. 

The systems discussed or mentioned are characterized by the fact that the 
solid phases are either pure components or compounds, that is, they are phases 

> Debray, Compt. rend., 64, 603 (1867); Le Chatelier, ibid., 102, 1243 (1S8.3) ; Riesenfeld, 
J. chim. phys., 7, 661 (1909); Zavrieff, ibid.. 7. 31 (1909); Johnston, J. Am. Chem. Soc., 32, 
938 (1910) ; Jolibois and Bouvier, Compt. rend., 172, 1 182 ( 1921). Smyth and Adams, J, Am. 
Chrm. Soc., 45, 1167 (1923). 

* Isamljcrt, Comp/, rend., 66, 1259 (1888). 

» PclnlH)n. Compt. rend., 128. 825 (1899). 
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of fixed composition. If, however, the vapor phase is taken up by the solid to 
form a solid solution, a phase of variable composition results and the vapor- 
pressure curve obtained is quite different from those previously shown. In 
such a case the pressure-composition diagram is that of Fig. 32, in contrast 
with that of Fig. 31; as vapor is added, it goes partially into the solid phase 
to form solid solution, and, since two phases only are present, the curve ab 
results, indicating that the composition of the solid phase is altering with the 
pressure. If at some pressure b a compound forms, there are now three phases 
present and the system is isothermally invariant, as shown by the curve be. 
It should also be pointed out that if, at />, a second M>lid solution forms, instead 
of a compound, the curve will take the same direction be since thi‘ same number 
of phases is present. In short, though an ascending curve oh of Fig. 32 is 
])roof that a phase of variable composition (solid solution) is b(‘ing forimal and 
a perpendicular {ab of Fig. 31) is proof that there is but one .solid pliase and 
of fixed composition i)resent, a horizontal {he of either Fig. 31 or 32) is i)roof 
of the existence of two solid j)hases, and do(‘s not distinguish between twt> 
(“ompounds and two conjugate solid solutions. Interesting work luis been 
done on systems in which ga.ses form solid .solutions, but not always with perfect 
"ucce.ss; a.s an example the adsorption of liydrogen by palladium, studied first 
by Graham and by a liost of others, has demonstrated that at least one solid 
solution is found, but whether there is also comj)ound formation or tin* forma- 
tion of a second solid solution is still an open qm^'tion. Otlu'r cases h»)wever 
ha\e yielded more satisfactory results; 
thus certain “hj'drated" silicates ami 
zeolites ‘ have been shown to Ciuisist of 
-olid solutions of water in tlie mineral, 

'ince they yield a sloping vapor-pres- 
"ure curve with change of composition 
{oh in Fig. 32), and van Heinmelin - 
has shown, by similar evidence, that 
various supposed hydroxides, such as 
Fe(OH)3, Sn(OH) 4 ,'si(()II),, (’r(()Il)3 
and probably Al(OH) 3 , are not com- 
pounds but, on the contrary, .solid solu- 
tions of water in the various oxides. In accordance with this finding, it is proper 
t«) speak of these .substances as hydrous oxides rather than hydroxides or 
hydrated oxides, since the.se latter terms imjily definite ccunposition. 

E. ThK Kyi ILIBRIUM SoLlU-SoLlI) 

A type of solid-.solid equilibrium which has been referred to only incidentally 
in the preceding treatment is the cipiilibrium between two conjugate solid 
solutions (curves /c and gd or gb in Figs. 24 and 2.5). It is obvious that such an 

‘ Tammann, Wied. Ann., 63. 10 (1897), Z. phyiok. Chm., 27, .32.3 (1899). 

*van Bemmelin, Ber., 11. 22,32 (1878); ibid.. 13, 1400 (1880); lice. trav. chim., 7, 37, 
J^7, 106. 114 (1888); J. prakl. Chim., (2) 46, 497 (1892); Z, anorg. Cfwm., 13, 233 (1896). 
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, ■ ,.,t. solutions need not necessarily continue far enough Lr^vaui 

■ ;:Zr >:n!pZurrs to meet the melting-point curves, but may have ils co„. 
Me pomtin the solid area just as conjugate liquids may have their confute 
point in the liquid area (Fig. 11). The study of such Conjugate solid solutions 
is naturally of great importance in metallography, since phase reactions oc- 
curring in the solids must have their effect upon the structure and physical 
properties of alloys. In general, the establishment of equilibrium between 
two solid solutions is slow, and is slower at lower temperatures than at higher. 
The process of annealing solid alloys, i.e., leaving them for long periods at as 
high temperatures as possible, has the purpose of facilitating the phase reac- 
tions, while the process of chilling is resorted to when it is desired to obtain a 
phase complex which is stable only at high temperatures but which if brought 
suddenly to low temperatures will remain in metastable equilibrium with 
changes so slow as to be negligible. The methods by which the phase relations 
of solid alloys are studied are necessarily much more difficult than those for 
licjuid systems, and may be found described in the texts on metallography; the 
commonest methods are thermal in character (i.e., use of cooling curves and 
warming curves) or microscopical. Details as to solid systems cannot be given 
here, but a brief outline of some of the work on a single such system (the iron- 
carbon system, important because of the use of such alloys as steel) will be 
given in order to illustrate equilibria of this class. 

When iron and carbon (the latter in any reasonably small proportion) are 
considered, the system is found to give rise to a very considerable number of 
solid pliase.s, whicli may ent(‘r into various pluise equilibria with each other or 
with the liquid solution of carbon in iron. Leaving the specific properties of 
these solid phases to be studied elsewhere, if tlie reader wishes, an enumeration 
of these solid phases is given below: 

r a-ferrite 

Three (possibly four) allotropic modifications of iron J 

7-fernte 


. 6-ferrite 


A carbide of iron, FcsC? = CVmentite 

Solid solution of carbon in 7-ferrite = Austenite 

Solid solution of carbon in 6-ferrite = ? 

Two allotrojnc forms of carbon | l'^*‘^*l>ldte 

[ amorpJious carbon 


Tho relationships of these pha-ses have lieen extensively studied and are embodied in a 
voluminous literature. There is not an uKreement on all of tho details, because of the difficulty 
of the experimental work, but that on which there is common aRreement * is diagrammed 
in Fig. 33. Leaving out of consideration the small area near A in which solid solution of 
carbon in 6-fcrrite is found, the principal relationships will bo‘ mentioned. 7-ferrite dissolves 
carbon, giving rise to a solid solution called Austenite, occupying the field AEHOF. The 
dissolving of carlxin in the iron brings a fall in the melting point, giving rise to a iiquidus 
curve (AC) and a solidus curve {AE) such as alway.s occurs when solid solution is formed. 
These curves fall in this case to a eutectic C, as previously shown in FiR. 24; the three 

' See Deseh, Metallography, 1922, p. 303. Longmans, Green and Co. 
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phases are a liquid and two conjugate solids. Austenite {E) and the carbide of iron FuC 
known aa Cementite (/)); the eutecti temperature is 113U“ C., and the composition i» 4.S 
l>cr cent carbon. There is of course a second area of conjugate liquid-solid phases, CBD, 
where the solid phase is Cementite. If we now follow the cur\’es of the conjugate solids, 
eh and DL, an interruption occurs at the point //. where the cui^-e for Austenite (EH) 
meets the curve for the tran.sition of 7 -ferrite into a-ferrite (FOH). Regarding /3-ferrita 
and a-ferrite as identical excejit for the occunerjce of magnetic properties in the /J-forrite, 
or adopting any of the other \ie\\^ which have hecn .id\anccd > to the effect that the two 



\arictio 8 are not allotro{)ic forms, wc may hiuk on the point /•’ (ttot)") .mh the trnnsiiion point 
of pure 'y-ferrite into pure a-fcrritc. and Fdll a- the (iit\c hhowing the depression of this 
transition point by the presence of carlxin di"ol\cd in the one solid ( \ustcnitc). 'Die 
intersection of these two curves .at // (0 SD l)cr <ent <' :ind 7 (K)°) gi\es a point of c<|uilil>tium 
of three solid phases, namely, a-ferrite, Au'^tenite. and Cementite, and is etilled a outeetoid; 
it rescmblc.s a eutectic in being the point of e<nnhl>rniin l)etwa‘en two coiniionents (here a- 
ferrite and Cementite) and a solution (here Austenite), differing from the luteetic in that 
the solution is here a solid solution in idace of a liquid solution. At temperatures Is-low 
the eutcctoid there will lie two solid jiha'-es in e<iuilibrium, namely, a-ferrite and f 'ementito; 
these will settle out on cooling in the u‘«ual foim of a eutectic conglomerate, which, bocauae 
of its approximation to hotnogeneit\ , i" looked ujam as a structural element and called IVarlite, 

By drawing isopleth.s at the difTcrent cunpositions, it will be ea«y to tec 
what changes occur when the liquid mass is cooled. Any deductions thus 
made however are upon the assumption that fliese various equilibria are at- 
tained, and of course mctastable comlition.- may easily persist, particularly 
if the cooling is rapid. Indeed it has been advanced ^ that all the equilibria 
here represented are metastable, and that the true equilibrium is one between 
the two solid phases ferrite and graphite. While the study of the iron-carbon 

* See Desch, p. 366, for reference-*. 

*Chwp.' and Grcnet, Bull. Soc. d'EncoHrag4in<n', lfK)2, .3UU. 
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systems from the standpoint of the phase rule is by no means yet complete 
it has nevertheless been of very great value in making plain a number of the 
relationships. 

Systems of Three Components 

In passing to systems of three components, brief study of the new relations 
of components, variables and degrees of freedom will be helpful. With respect 
to components, no new principle is involved, but it will be useful to note what 
general types of reacting substances fall under the heading of ternary systems. 
Perhaps the most frequently studied cases are those consisting of water with 
two .salts having a common ion, such as NaCl + KCl -f H2O; such a system, 
if it includes new compounds, can have them only of a composition inter- 
mediate between that of two or more components, such as double salts or 
hydrates, and therefore any i)hasc which occurs can have its composition ex- 
pressed in terms of the three components. It will be noted that a system 
consisting of wat(‘r and two salts without a common ion would not fall into 
the division of ternary systems, since by double decomposition new phases 
will be pr xluced whose composition is not intermediate between the two salts 
and water; this very common type of system is a four-component system. On 
the otlu'r hand, two salts without common ion do form a ternary system if 
water or other substances be ab.sent; although the chemical ecpiation for the 
double decomposition shows four compounds pre.-^ent, yet any one of them can 
have its composition expressed in terms of the other tlirce, as was discussed 
earlier for the reaction 

( a(H)3 . * CaO -f CO ., 

where the system was shown to be binary despite the existence of three com- 
pounds, A third comnion instance of a ternary system consists of a single 
salt and water where the salt suffers hydrolysis, forming basic or acidic salts 
who.se composition again is not intermediate between the salt and water; in 
this case, the choice of the three components depends upon convenience in 
repre.senting the .system, and an e.xcellent example exists in the case of bismuth 
nitrate and water, which is most conveniently regarded as having the three 
components Bi .Os, N2O5 and ICO. 

The number of independent variables in a ternary system is larger by one 
than for a binary .system, namely, pre.ssure, temp(‘rature and two concentration 
variables, since a ternary solution reipiires a statement of its composition with 
respect to two comi)onents before its total composition is fixed. The degrees 
of variance for ternary systems follow directly from substitution in the phase- 
rule equation; five coexisting plnuses at a quintuple point give an invariant 
system, four give a univariant system, three a bivariant and so on. 

Graphic Representation of Ternary Systems: Gomplete representation of 
all the variables in ternary systems is a complex matter, if at all possible. In 
most work that has been accomplished such a representation is unnecessary, 
since the systems studied have been cliiefly condensed systems in which the 
pressure has been kept constant or is ignored. Our problem is therefore to 
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represent the temperature as one variable and the composition as a second. 
Many geometrical means have been devised for this purpose, of which only one 
will be discussed and used here, namely, the representation of the composition by 
triangular coordinates and of the temperature at right angles to the triangular 
diagram, giving, therefore, a triangular prism as the space figure in which the 
two variables are represented. At any fixed temperature, the isotherm would 
then be a triangle, representing the composition, the properties of which will 
be briefly discussed. 

Following the method of Gibbs,’ an equilateral triangle is chosen and the 
composition of each pure component represiuited by a vertex (A, B and C in 
Fig. 34); the total or unit composition i> expressed by the altitude of the tri- 
angle, and the fractional iiart which a particular eomjionent coiitriliutes to a 
complex is measured by the perpendicular distance of tlie point rei)r(‘senting 
that complex from the .side ojipo.site the vertex for that component. Thus the 
point m repre.sents a complex made up of coinpoiumt A in amount proportional 
to the perpendicular ma, B in the proportion nih, and U in the proportion inr, 
a representation made possible by the property of an equilateral triangle that 
the sum of the perpendiculars from a i)oint to the three sides is equal to the 
altitude of the triangle. For the gmieral properties of the (*quilat(‘ral triangle 
the reader is referred elsewhere; yet one such pro|)erty is of such u.sefulness to 
our problem as to warrant e.xiilicit statement, namely, that if a complex of A 
and C represented by the point .r i^ takmi and increasing amounts of B added, 
the composition will change along tlu* straight line sB and therefori' all ptiints 
on such a straight lim* repre^ent the .same ratio «tf .1 and U to each other. 

The di.scussion of ternary s>>tem^ mu'«t necessarily be abbreviated; a few 
only of the many po.ssible relationships will be shown under the three following 
headings. 



Fio. 34. Equilateral Triauule for Com- Ho. 3.-). Ternary SyHtoin with a 

position of a Ternary .Sj.stem Single Hinodal (>urve 

‘Gibbs, Tratit. Conn. Acad., 3. 176 (1S76^ Stokes, Proc. Roy. Soc.. 49. 174 (1H91), 
Rooieboom. Z. physik. Chem.. 15. 984 (1894). 
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r„n,istine of Liquid Phases Only: Since any liquids may bo -olid, 
r by liitable temperature changes, it is obvious that wo can 

Inrlklfa ternary system as consisting exclusively of liquids only if the temper- 
ature ib btntod, or in other words, that wc are discussing only certain isotherms 
of a ayntem which will show solid phases at certain lower temperatures. The 
three liquids taken for study (A, B and C of Fig. 35) are best considered ns 
making up tlirce pairs, A + B, A + C and B + C; indeed, our ternary systems 
in general are to be considered as composed of the three binary systems. If 
each of the three pairs shows unlimited mutual solubility, it usually follows 
that any ternary mixture also will give a single liquid phase; but this is not uni- 
versally so, and instances are known in wliich, within certain limits of 
concentration, the system separates into two conjugate liquid layers, showni 
schematically in Fig. 35 by the closed curve ab. Within this closed curve 
tie-lines have been drawn connecting the two conjugate liquids, and any com- 
plex taken witliin that area will separate into two liquid phases represented by 
the ends of tlie tie-lines. Such a closed curve has been found for the system 
water-phenol-acetonc ‘ at temperatures above 68®, at which all three pairs of 
components are completely soluble, and has also been found in a few other 
cases.* The boundary curve for this two-liquid area is called a binodal curve, 
and the interesting character of the points a and b will shortly be seen. 

A single binodal curve is much more often met with where one of the three 
binary systems shows limited solubility of the liquids. Such a case is that of 
chloroform, water, and acetic acid (Fig. 36) in which the two components 
chloroform and water have a limited solubility, giving rise to the two conjugate 
solutions a and b. As acetic acid is added to these two liquids it distributes 
itself between the two phases in unequal amounts and also brings about an 

increase in the mutual solubility of 
chloroform and water; any particu- 
lar tieline, such as a'b', is therefore 
not parallel to the base of the tri- 
angle. Increasing additions of the 
acetic acid bring the two conjugate 
liquids nearer and nearer toward 
each other in composition, until at 
k they become identical; k is there- 
fore a Critical point, although it is 
more commonly spoken of as the 
plaitpoint, and the binodal curve is 
accordingly a distribution curve of acetic acid in water and cliloroform. The 
figures for the 18® isotherm are given opposite. 





Fig. 30, Tho System, Chloroform-Wnter- 
Acetio Acid, (Schematic) 


Distribution curves such as the foregoing have many points of general interest. It 
will bo noted that the distribution ratio of tho acid between tho two phases is by no means 
a constant, but varies as the acid brings about changes in the mutual solubility of the chloro- 

‘ Sohreinomakers, Z. physik. Chem., 33, 81 (1900). 

* Hill, J. Am. Chem. Soc., 44 , 1186 (1922); Hill and Miller, ibid., (1924). 
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TABLE XXXI 


CHCU - HiO - CHiCOOH at 18 * » 


Heavy Phase 

Light Phase 

CHCh 

HiO 

CHiCOOH 

CHCl, 

HiO 

CHjCOOII 

99.01 

0.99 

0 

0.81 

99.10 

0 

91.85 

1.38 

0.77 

1.21 

73 09 

25.10 

80.00 

2.28 

17.72 

7.30 

4S..W 

44,12 

70.13 

4.12 

25.75 

15.11 

34.71 

.W.18 

07. 15 

5.20 

27.05 

18.33 

31.11 

50.56 

59.99 

7.93 

32 08 . 

25.20 

25.39 

49.11 

55.81 

9.58 

34.01 

28.85 

23.28 

17.87 











I Wright, Proc, Roy. Soc., 49, 174 (1M)1), tlnd., 50, 


foiin and water, as was discussed in the .section on the distiilmtion law, a distiilmtion curve 
winch followed the law exactly would be .shown by two .straight hues running from u to f 
and from b to C, and in practice no such curves have Ix'en found. Again, the idait-point k 
IS almost always found to one side or the other of the maximum point of the curve, .s’, and 
therefore is not at the point of the maximum solubility of A and Ji in each other. If one 
adds the component C to A and R, the system will pass through the critical point k only 
if the initial composition is on the line Ckc; any other initial composition will, on addition 
of C, lead to the disappearance of one phase at the expense of the other rather than in the 
reaching of the critical state, just as wa.s shown for two-conip'>iicnt systems in Idg. 11, whcie 
the critical state was reached by change of temperature in.stcad of change of compo^itiml at 
a fixed temperature as in Fig. .‘10 Other excidhmt examples of liijuid systems showing a 
single binodal curve are the systems silver-lead-zmc.Mn which the desilverization of lead 
IS accomplished by the use of molten zinc d’arkes’.s proccs.s), and the system water-toluene, 
acetone.* Such a diagram as Fig. 30, if carefully diawn to scabs Kive.s an accurate methm 
for analysis of a solution of the components H and (\ which .ire otherwise not easily determined 
if they are organic substances; to the .solution of unknown composition, x. tin' third component 
.1 is added from a burette up to the iioint where the first appc.irance of a turbidity indicati'S 
that the binodal curve (rtA-6) has been reached, the outline of the curve being accuratclv 
known, the point where it crosses the line corrcsiionding to the amount of A ad.lcd (y) is 
taken, and it follows that the original composition j is on the straight lino Ayx. 

It is clear from the diagram (Fig. 30) that anv complex taken outside of the lwo-li.,ui.l 
area akb will give a single li.pii.l phase; such a svsten (liquid + vapor, with tempeaturo 
fixed) is bivariant, and the composition may be alterc.l with respect to nn> two o t i tin. 
components, within the limits of the Invariant area. 

Where ternary systems arc taken, of wliicli two of the liimiry bystems siiow 
limited solubility, two binodal curve> are obtained, a.-^ in Fij?. 37; tlie diagram 
offers no points different from tho.se jirevimisly discus.s(*d. 1 here are, however, 
.«ome interesting results that follow if the temperature i.s altered, since the two 
binodal curves mav, generally speaking, be made to expand cither by increase 
or decrease of temperature until they meet. If the juncture at some different 
temperature occurs at the two plait-points, k and k', the two curves merge into 

* Bodlftnder, Berg- umf HuUenmfinn. Zlg., 56. 331 (1897). 

* Walton and Jenkins, J. Am. Chmi. Soc., 45, 2555 (192.J). 
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each other to form a continuous band (Fig. 38). Water, phenol and aniline ‘ 
show this condition at temperatures in the neighborhood of 50°. If, on the 
other hand, the two curves meet in such fashion that the two plait-points do 
not come in contact, the system shows an area in which three liquid phases are 
coexistent (nhc of Fig. 39). This interesting occurrence,^ found for the system'^ 



Fio. ;i7. Ternary HyHtern with Two Fuj. .'iK. Ternary System with Two 
Separata Hinodal Curves Hinodal CurvcH, Joined at Plait-points 


silver i)prchlorate-benzene-wutor and silver perehlorate-toluene-water, may be 
explained by noting that the .solution n on the hinodal curve which has its ba.'^e 
on AC, ntu.st of course have a solution h of the .same curve conjugate with it: 
by like reasoning, since a is also on the other hinodal curve, there must he a 
solution c conjugate with it on the same hinodal curve. The two curves, how- 
ever, do not of nece.s.sity have their tie-lines parallel at tlie point of their junc- 
ture, and therefore h and c are not the same point; hut, since they represent 
solutions in eciuilihrium with the .same .solution a, they must he also in equi- 
lihrium with each other, giving ri.se to a tie-line be. There is now a triangular 
area abc representing three liquids and vapor in equilihrium at a fixed temper- 
ature; with these live restrictions the system is hy rule invariant, or better said, 
isothermally invariant, and any complex taken within the area nbc will separate 
into three coexistent liquid phases of the compo.sition indicated hy a, b, and c. 

If ternary systems are sought, in which each of the three binary sy.stems 
shows only partial miscibility, examples will not so readily occur to mind. 
As a matter of fact, however, some twelve or more cases have been noted and 
given more or less study; movst interesting arc the ternary alloy iron-zinc-lead ^ 
and the system .succinic nitrile-water-ether, ^ which latter Schreineraakers has 
studied exhaustively. In such instances, a three-liquid area such as is shown 
in Fig. 40 is sure to t)ccur if the three binodal curves, can he brought to meet 
each other by raising or lowering the temperature. 

‘ Sehreinonmkers, Z. phyaik. Chem., 29. 586 (1899). 

* HiU, /. Am. Chem. Soc., 44 , 1163 (1922). 

* Timmermanns, Z. phyaik. Chrm., 58 , 159 (1907). 

* Z. phyaik. Chem., 25 , 545 (1898). 
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In the foregoing treatment a series of arbitrarily chosen isothermal sections 
has been discussed. It will be seen that if a series of such sections for any 
system be placed in regular order, they would j)roduce a triangular prism, and 
the binodal curves represented in Figs. 3() to 40 would form the boundary 
Mirfaces of loaf-shaped volumes representing the concentration and temper- 
ature limits of the conjugate solutions. A line on ';uch a surface joining the 
plait-points k at the different temperatures would be a critical curve, terminat- 
ing at the point C of Fig. 11, on one of the binary surfaces. Such a line might, 
however, have its point of maximum temperature at a temperature beyond the 
terminal point C of Fig. 11; in that ca.^ie the maximum point would lu' in the 
interior of the prism, and is called a ternary critical point. The develojiment 
(if ternary systems with respect to the temiierature axis will be taken uj) in 
greater detail in the following section. 




I'li. .‘JU. Ternary Sehlein A\ith Two Hiiiodal Tio 10 Ternmy Sj.htcni with 

Ciin'es, Showing Three Liquid Pha.se^ Three Hinodal ('uive.i 


Systems Consisting of Solid Phases, With a Single Liquid Phase; In order 
to visualize the relations tlmt exi.st in ternary systems when .solid phases arc 
present, let us assume that we are d(*aling with three solid components at some 
temperature sufficiently below' their melting points .mi that tlmy do not have 
any effect upon each other; and let us aho assume that tin; solids show no 
tendency to form solid .solutions. If such a mixture of the thri'c solids is 
subjected to a ri.sing temperature, it will go through a series of change's which 
liave been shown .schematically in Fig. 41. 

At some temperature a liquid ph.Tse will njipciir. of a composition represented by a in 
sketch I; this will be the temperature at which the three wilidM, the rn w- liquid phase and the 
vapor are coexistent, and is therefore a quintuple p<unt and of course invariant; it is spoken 
of as the ternary eutectic point for the system. If now the temperature risiis further, the 
composition area in which the laiuid can exist spreads to some such form as is marked L 
in sketch II. At this higher temperature we can no longer have all three solids in contact 
with the liquid, since we are alwve the quintuple point, but a numl)er of different equilibria 
or phase complexes come into existence, as shown in the diagram. Any complex taken within 
the area abc will give only a liquid and its vapor, and is therefore isothermally bivariant. 
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Any campl.K x Ukea within the triangle Aab will *.Ve solid A and a liquid phase of 
oalos.lioa on the lino a6 at which the tie-line from Ax passes through at; the 
(onsisting of solid, liquid and vapor, is isofchermaJly uniyariant, and if any change in th.‘ 
amount of either B or C is made, the composition of the liquid phase which forms is at oih h 
fixed, as shown by the tie-linos. The same discussion applies to the two other triantrl* 





Fio. 41, Ternary Systems, with a Single Liquid .\rea 


Bac and (Vh. Finally there are present three triangular areas marked 1, 2 and 3; these 
njpresent isothermally invariant areas, within which any total complex wUl change into 
two solids and a liquid, as represented by the vertices of the triangles, together of course 

with vapor. ■ . , u /ttt 

As the temperature is raised further, the system goes through a variety of changes (111 

to VIII) which reduce the number of equilibria one by one. In III the point a has moved 
untU it touches the base-line AB; this is a temperature at which a binary liquid composed 
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of A and 5 is in equilibrium the two solid components, and will be recognised at once 
■IS the eutectic for the binary system AB (point C. Fig. 14). In sketch IV, the liquid hM 
reached the binary eutectic for A and C at the point c. This extension of the liquid area 
L has, it will be seen, terminated successively the invariant equilibria 1 and 2, At higher 
temperatures the liquid area has spread along AB (sketch IV) and this movement is de- 
scribing the two solubility curves on the binary surface AB (lines CR and CM of Fig. 14). 
In sketch V the point a has reached the freezing point of .1, and the equilibrium of solid A, 
liquid and vapor shown as Aac in sketch IV has disappeared. Sketch VI shows the liquid 
area reaching the binary eutectic for B and C at d, terminating the invariant equilibrium 3, 
and sketch VII shows that the freezing point of B has liecn reacheil. With increasing tem- 
perature the solubility curve cd rises until, \\hen the freezing point of C has bei'n reached 
in sketch VIII, the system will give a liquid pha&o whatever eom|)osition is taken. It will 
he seen that the fixed temperatures in such a system eon.'iist of a siiezlc ipiintuiih' point (the 
ternary eutectic), of three binary eutectics and three fieezing points of eompononts. 

Some of our best known ternary systems ha\e isntherms like those shown in Fig, 41. 
Thus, for example. Sehreinemakers » found that the i-^otherm for the system tNHi)iSO|. 
NHiCl-HjO is exactly like sketch V, where .1 stands for HiO, B for NH4CI and C for 
(NHd'SOi: the solution c, saturated with re'>t)ect to lioth salts, contains 17.0 per cent of 
NH«Cl'nnd 25.7 per cent of (NUdiSOi. while h. saturated with .NHiCl alone, contains 20.5 
per cent of that salt and c contains 44 per cent of (NlMiSOi. Sucli a diagram (V) will in 
general express the relations of two salts in water at laboratory temperature, which is iilxive 
the melting point of ice. above the eutectics foi water with each of tlie salts, and. of course, 
below the eutectic for the two salts alone. 


A simple extension of the cliaRram.s uf Fis- 41 \Nill suHice for cases wliore two 
components form a compound, called a binary compound, or whore all three 
unite to form a ternary compound. The composition of any binary compound 
will be expressed by a point on one of the sides of the triangle, wliile tluit of 
a ternary compound will fall within the tiianglc. 


Tl.o interesting system of biMuuth nitrate and water will afford an example showing 
ternary compounds; as previously explained, th.. a thrcc-c<„n,K)nont sy. stem, and »s dja. 
grammed with NsOs and water as tlic three eomponents hig 42 shows sohomatically 

the relationships as found by Hutten and xan Hcmm. lm Mor 20“. ^ 
temiieruturc shows four ternary compomr 
The composition of each is gheii below. 


ids wlmli arc marked I, II. HI and IV in the figure. 


Point in 
l ig 42 
I .. 
II. . 

III. . 

IV. 


Composition 

BijOj NjOj 211:0 
liizOi NjO» HjO 
BoOj 3NsO* lOHiO 
HiiOj .3 Nj0j 3HiO 


Convent ionivl Formula 

BiONOa HiO (basic salt hydrate) 
Bi50(N0i)j(0H): (basic salt hydrate) 
Bb.NOaia 5HiO (normal salt hydrate) 
Bi(NOi)i ijHjO (normal salt hydrate) 


It »-Ul 1* ».cu tlmt of solid I- in .•.,uilil,riun. with elution, varyinn 

. rni.trc (ah hr, cd, de) .anfl that two solirl phases can bo in C<iui- 

luTil ofhxtl hy the iriangia, havia* h, c, and 

■'“wlTh rt'evcral .>,« of pollu.m.. l«.for., it will not l« d.tfii-nlt to conatruct a 

d tTh~?cntl o^ "■•low whhh all mixture, of the eomponent, 

can exUt only in the nohd .tate. The point, ... t and r a.e the Ihreo Innary enleol.e, for the 


‘ Z. physik. Chem., 69, 557 (lumt). 
*Z. anorg. Chem.. 30, 342 (1902i. 
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.vstcms and c, I and g are the melting points of the three cotn|)n„„„,, 
.urtaee. separate the region of solid phases below from the region of h,,uid 
, hi J , l ove These snrfseea represent a single solid phase (B for boad. etc.) m equ.iil,„„„ 
Inh JnpuVJ, the fines nrf, M and cd represent two solid phases in equilibrium with li,|,„d, 
«nd the point d repre.sents the three solids irith liquid. If then we consider any liquid of 
fornjjosifion above the diagram as cooled down gradually, it will precipitate a single solid 
phase where the isoplcth passes into one of the surfaces, and as the temperature continue^ 
to drop, the eoniponition of the remainirig liquid must begin to vary along this surface a> 
more and more of the one component settle out, until a point is reached on one of the eutectic 
Clines ad, hd or cd. Here a second solid will begin to precipitate and the composition and 




Fiu. 42. Tlie System HijOj — N;<)s 
— H 2 O (Schematic) 


Fics. 4:t Ternary System 
Showing Ternary Kuteetic 


temperature of the solution will vary along the specific culcctic curve until finally, at d, the 
system becomes invariant (three solids, liquid and vapor) and lu) change in composition of 
the lifiuid occurs while it is solidifying compIfUfdy. It is clear that a knowledge of such a 
complete diagram for a ternary alloy will enable the metallurgist, to foretell in what order 
and fashion the three components will solidify from a given complex taken. Further, since 
the ternary euteetie is necessarily lower than nil the binary eutf'ctics, it becomes possible 
to contrive especial low melting alhiys of three components; the following examples will 
illustrate the point. 

TABLE XXXII 


Eutkctk 8 IX Ternary .\leovs 


Pb - Bi ~ Sn ‘ 

Pb - Bi - Cd > 

M.P. of 
Component 

Binary 

Eutectic 

I'enmry 

Eutectic 

M.P. of 
Component 

Binary 

Eutectic 

Ternary 

Eutectic 

Pb - 325® 

Bi « 268® 
Sn - 232® 

Pb + Bi - 127® 
Bi + Sn - 133® 
Pb + Sn - 182® 

96® 

Pb = 320° 
(M - 320® 

Bi - 270® 

Pb + Cd = 245® 
Cd + Bi - 145® 
Ph + Bi - 125® 

92® 


1 Charpy, Compt. rend., 126, 1569 (1898). 

* Bartow, J. Am. Chem. Soc., 32, 1410 (1910). 
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Systems With Several Solid Phases and Several Liquid Phases: It ia 

possible now, with the information gained in the previous two sections, to 
discuss any isotherm of any condensed system without bringing in any rela- 
tionships not already met with. Any isotherm will show only the following 
parts, which can all be found in Figures 35 to 42: binodal curves, solubility 
curves, and isothermally invariant triangles, which later may connect at their 
\ertices three solids (Fig. 41, I, AB(’), two .''<dids and one liquid (Fig. 42, I, II, 
b), two liquids and one solid (.shown later in Fig. 44, Aai), or three liquids 
(Fig. 40, abc). Of course, the number of .such e(|uilibria at a given temper- 
ature may be either small or large, and the pt)ssil)ilities of combinations are 
very many indeed and only a relatively small propetrtion of them have thus 
far been investigated. Two such ca.ses will be .‘'hown here. 


Fik- 44 hhow.'j !1 fairly oommon type of ternary iM>therin oeeurritiK when two mutually 
‘•oluhle licjuidi C and B are treated with a .MiiKh* .solid whnh is fieely solulile in one of them 
and sparitiKly .soluble in the boeond. Such a cast* will 1 m* more readily rceoniiized if the 
U'ual lalwratory method of preparing it is .stated. If we ha\e a satuiated aipieouM solution 
of some inorganio salt, sueh as potassium fluoride m water, and add alcohol to it, the aleohol 
at first pas.ses into the liipiid phase, but on eontmued addition limilh goes rise to a second 
iKinid pha.se; the mutual solubilit> of the two Inpiids in each other has |)c<>n diminished 
li\ the jire.senee of the salt. 'Phe tiiangle AIkI n-pic'cnts the Milid salt in eijuilibrium with 
solution consisting of water with moie or less alcohol, along the solubility curve Ini, the 
triangle Aar in like fa.sluun ro]iresents the salt in e<iuilibiiuin with sohilnms <•hlefiy alcoholic 
in content, and since the solubility of tht* salt in alcohol is usiiullv small, the |)oint a is dost* 
to H and the curve ac is short The triangle Aol shows an isoth<*rmallv invariant e(|Uilibiiuni 
of the two saturated solutions e and 1 / in contact with s(»lid salt .1 'Phe <air\e ciil is a binodal 
curve for the two liquid phases that are in etiuilibiium with <>aeh other, as shown by the tie- 
lines, and, finally, the area BChtUra is the area for the bi\ariant solution, and shows the 
limits within which the three components will foiin a single Inpiid st.liition. Such ssstems 
as the above occur in the organic laboiatory in the f.innhar opiTatioii of "salting out" one 
iKpiid from another by addition of a pn)|)erl\ chosen s.ah , b\ addition of it to saturation, 
the comiilex will fall in the triangle Anl, and. smie the solutions r and d cannot vary m 
(oinpo.sition at a fixed temiierature, it is obvious that further adilition of salt after solid jihast* 
appc.irs IS of no cfTect, In addition to numeioiis c.isc' of the above ty jie m which the isot I htiii 


A (Salt] 



(Aleohol] (Woterl 

Fio. 44. The System, Alcohol-Water- 
Salt 


N 



Fid. 4."). The System Succinic Nitrilo- 
Ether-Wator (Schematic) 
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,s known qualitatively, a considerable number have been studied quantitatively; the ,w,rk 
of Frankfortor > and others gives excellent examples. 

Fig. 45 represents no such familiar type of isotherm as the preceding, but 
is selected to show that a large number of equilibria frequently come into being 
in ternary systems. Schreinemakers * found for the system water-ether- 
succinic nitrile that twelve different equilibria or phase complexes exist at 2'^ 
as shown in the figure and enumerated below: 

3 areas for 1 liquid phase (marked Li, Lj, Ls) = bivariant, 

3 area.s for 2 liquid phases {efnzn^, ghniUi, cbn 2 ni) = univariant, 

3 areas for 1 solid -f 1 liquid (Nae, Nfg, Nhd) = univariant, 

2 areas for 1 solid -f 2 liquids (Nfe, Ngh) = invariant, 

1 area for 3 liquids (rii/ijns) = invariant. 

It will appear that in such a system as this, if one took an amount of nitrile and ether 
roproflonted by the point X and added water to it at this temperature, the changes will be those 
shown on a litie running from X to IV; there will be seven entirely different complexes obtained 
by the formation and disappearance of phases, which the student can tabulate by comparing 
the list of phases present in the first area Nhd with those found in each area crossed successively 
by the lino. 

Space dooH not permit a discussion of the complete diagrams that have been 
worked ofit to show the effect of changing temperature upon complex ternary 
systems such as the foregoing. It will bo apparent, however, that where the 
coexistence of three liquid phases is possible and where there are three solids 
possible (or more if binary or ternary compounds exist) as well as a vapor, a 
considerable number of quintuple points may be looked for at which five phases 
are coexistent. The ternary eutectic shown in Fig. 43 is by no means the 
only point of fixed temperature found in ternary systems; wherever five phases 
are found to coexist, the temperature will remain perfectly stationary upon 
addition or subtraction of heat until one of the phases disappears. Where 
complete studies of ternary systems like that of Fig. 45 have been made, a 
considerable number of these fixed points have been met with; thus, the system 
silver perchlorate-water-benzene ’ shows six quintuple points, ranging from 
— 58.4° to -F 42.1°, and eighteen mono variant equilibria. 

Many interesting examples of condensed ternary systems have been studied in detail, 
the system potassium chloride-magnesium chloride-water was investigated by van’t Hoff 
and Meyerhoffor^ as part of an extremely valuable research on the Stassfurt salt deposits: 
the system ferric chloride-hydrogen chloride-water ‘ is of interest in showing the effect of 
the acid upon the concentrations in which the various hydrates of ferric chloride can exist. 
In addition to studios of condensed systems such as the foregoing, there has been much 
valuable work on ternary systems in which liquid phases are absent ; the study of the system 
iron-carbon monoxide-carbon dioxide* has given much useful information relative to the 
typos of reaction occurring in the blast furnace and in hydrogen manufacture. 

‘ Frankforter and Frar>', J. Phya. Chem., 17, 402 (1913), Frankfurter and Bell, J. Am. 
Cham. Soc., 36 , 1103 (1914). 

* Z. vhysik. Chem.. 25 . 543 (1898). 

> Hill, J. Am. Chetn. Soc., 44 , 1109 (1922). 

* Z. phyaik. Chem., 27, 75 (1898); 30, 86 (1899). 

* Rooxeboom and Schreinemakers, Z. phyaik. Chem., IS, 588 (1894). 

*Baur and Glaessnor, Z. phyaik. Chem., 43 , 354 (1903). Chaudron, Ann. Chim., 16 , 
221 (1921). Eastman and Evans. J. Am. Chem. Soc., 46 , 888 (1924). 
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Indirect Analysis of Solid Phases: In the discussion of binary systems, it 
was pointed out that direct analysis of solid phases is beset with diffieulties, 


and that it is usually necessary to resort 
to indirect analysis, thermal methods 
being the simplest. In conden.sed 
ternary systems thermal analysis is also 
possible, but it happens that other 
methods are available which are much 
simpler in execution— indeed, much 
simpler than for binary systems. Ban- 
croft ’ has given the simplest exposition 
of tliis method, although it has also 
been proposed by Schreinemakers and 
others. In Fig. 4G let ab be a portion 
of a solubility curve, and the problem 
be to determine whctlier the solid phase 
is pure B, some compound of A and B, 
or a ternary compound of .4, B and C. 


C 



A D B 


I'lc. n» liulutTt \ii!il\sn for Solid 
PloiM' III u 'i'ernarj SyMti'iii 


Let a complex z be made up by weight, brought to ('(Hiilibrimn with its saturated solution 
and the composition of the solution found by analysis to l>e m. tlien, as pointed out for other 
i->othennally univariant equilibria, the tie-line mx and it.s prohuigalion must eonneet the 
compositions of the liquid i)hase and the .solid phase, and the .solid must therefore lie somewhere 
along mx. Let the experiment be repeated with a .second conq)lex r' giving a solution m , 
by the same reasoning the solid falls upon the prolongation of tlie tie-line m'j'. d'ho only 
composition fulfilling both these rectuirement.s is that shown by the intersection of the two 
lines, here shown as D. and indicating that the 8oli<l phase is a bimiry compound of .1 and 
li and of the composition D. If the solid phu.se were the pure component Ji. the two tio- 
linea w'ould intersect at B; if it were a ternary compound, they would intersect within the 
triangle, and if it were a solid solution of A and B, they would intersect at some point outside 
the triangle. The trial with a third tie line would <listinguish l)etween a ternary compound, 
where aU lines would intersect at a point within the triangle, and on the other haml a 
ternary solid solution, shown by the failure of the lines to intersect at a single point, the 
three intersections, however, would fall within the triangle The metho.l is as simple in its 
experimental execution a.s it is straightforward in its logic. 


Systems of Four Five Compone.vts 


For consideration of systems of more than three components, tlie reader is 
referred to the text-books on the phase rule. Work on systems of four or more 
components is necessarily more difficult tliuu on simpler systems, and the 
graphical representation of results is necessarily more complicated; neverthe- 
less, a considerable amount of valuable work has been done on such systems, 
including the study of a number of reciprocal salt pairs in water, > which is the 
convenient term for metathesis or double decomposition occurring in aqueous 
solution, and including such important technical reactions as the manufacture 


> J. Phys. Chem., 6, 178 (1902). 

* Meyerhoffpr and Saunders, Z. physik. 


Chem,, 28 . 4,).3 (1899); 31 , 370 (1899). 
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of potassium nitrate from sodium nitrate * and the ammonia process for manu- 
facturing sodium bicarbonate.^ 

THE SOLUBILITY OF SOLIDS IN LIQUIDS 

In the j)receding sections it has been shown that there exist two fundamental 
laws according to wliich tlic behavior of heterogeneous systems can be classified 
—namely, the distribution law and the phase rule. While each of these laws 
has proved of great use, it will be noted that neither of them gives an answer 
to the most natural question which a heterogeneous system suggests, that is, 
what determines the extent to which one phase dissolves in another? This 
question has received no completely satisfactory answer from any source, but 
it is nevertheless true that by means of a number of laws of more limited scope 
than the distribution law and the phase rule, and by means of a number of 
theories, it is possible to predict in many cases what the solubility of the one 
phase in the second will be and to calculate such solubilities with considerable 
accuracy. In this section attention will be given to such methods of study as 
have given these partial answers; and because of the marked difference in the 
bchavi(jr of non-electrolytes and electrolytes, the two classes will be treated 
separately. 

Solubility of Non-Electrolytes: It has been known for a very long time 
that substances which are closely related chemically will show marked solvent 
action upon each other, while those which arc dissimilar in constitution and 
chemical properties will ordinarily display much less solubility. The time- 
honored rule, similid simiUhuH solvunlur, is an expression of this observation. 
When the advances in organic chemistry made it possible to determine the 
constitution of compounds, like and unlike came to have a more definite 
meaning, and the rule capalde of a more definite application. A list of the 
commoner clas.ses of (►rganic compounds on the basis of their chemical rela- 
tionship follows; any compounds occurring in classes adjacent to each other 
will, according to the rule, show high mutual solubility, while a wide displace- 
ment t>f two compounds in the table generally indicates low' solubility. 


T.ABLE XXXIII 


('l\hsifi<’ation of (‘oMFoe.vDH u.v Bahis of Chemical Relationships 


(1) Water 

(2) Fatty acids 
3) Alcohols 

(4) Ketones 

(5) Aldehydes 
tO) Nitriles 
(7) Phenols 

•Uyeda, 31cm. Coll. 8ci., Kyoto II, 245; 
16, 1066 (1914). 


(S) Aromatic aldehydes 

(9) Ethers 

(10) Halogen-substituted hydrocarlx)n3 

(11) Carbon disulfide 

(12) Aromatic hydrocarbons 

(13) Aliphatic hydrocarlxms 

Reinders, Proc. K. Akad. Wetenschap. Amstcr. 


^Fedotieff, Z. phusik. Chem., 49 , 162 (1904). 

* Rothmund, Z. phyaik. Chem., 26, 489 (1898). 
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In the qualitative application of this nile, it is necessary of course to bear in mind that 
the chemical character of a compound is determined not by a single group but by the whole 
(onstitution of its molecule, so that, for example, a fatty acid of high carl)on content, like 
palmitic acid, is to be viewed as a hydrocarlwn rather than an acid, and therefore is (juite 
insoluble in water but freely soluble in those classes of compounds found further down in 
the list. 

A much more successful approach to tlie (jiicstiou has l)epn made by way 
of the freezing-point laws. It has previou.^ly been .shown in our discussion 
of phase-rule diagrams that a freezing-point curve is nothing more nor less 
than a solubility curve, since it indicates the composition of the litjuid phase 
in equilibrium with the solid phase at a given temperature and ])ressure. The 
law of Raoult, according to which the freezing point of any substance is de- 
jtressed equally by equimolecular quantities of all substances, would give us a 
mathematical expression for the solubility curve of any two substances if it 
were a law of universal applicability; but, as is well known, it i.s commonly 
applied only over a small concentration range (wliich would mean for oidy a 
few degrees below the molting point of the i)ure solute), and is subject to limita- 
tions in many instances in which it is nece.vsary to assume polymerization. 
Starting with tlie law of Raoult and studying the deviations of various sub- 
stances from that rule, Hildebrand ‘ and his co-workers and Mortimer* liavc 
evolved a treatment by. which .solubility may be calculatiai in many instances 
with a fair approximation to accuracy. If Haoult's law liolds for a given C!l^e, 
the solubility N of a given solid, expres.sed as a molar fraction, will be projior- 
P' 

tional to — > where P' i.s the partial pn'.ssure of the solute and P the vapor 

pressure which the pure solute would show in liquid form at that temperature' 
(a value obtained by extrapolation); since thcM* two pressures are related by 
Raoult's law’, we may write 


P Hi + It? 


Now, the relationship of the partial jiressurc to tin* pre.ssure of tlie pure 
solute P is expre.sscd in the Claiisius-C'lapeyron ('(piatimi 


IoB-- = — ^ + — luKr + /, 


in w’hich Lo is the molal heat of fusion of tlu' solid at the absolute zero, A( is 
the difference in the specific heats per mol. of tin* li(juid .and solid form, and I 
is an integration con.stant whose value i.s obtained by putting for 7 the melting 

P' 

point on the absolute scale, at which log -- - 0. 

>HUdebrandetal..y. ^m. .SW..38. 14.52 (1910); 39,2297 (1917); 41, 1007 (1919); 

42, 2180 (1920); 43, 500, 2172 (1921); 45, 682 (1923); Phvn. Rev., 20, 62 (1923). 

* J. Am. Chem. Soc., 44, 1416 (1922) ; 45. 033 (1923). 
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Following tho above argument, when a substance follows Raoult’s law in a given solvent, 
its solubility can lie calculated by the above formula; the curve for this equation, representing 
the change of solubility with the temperature, would be an ideal solubility curve. In practice 
however many substances diverge from this ideal curve very widely; Hildebrand ascribes 
these anonmlies chiefly to inequalities in the internal pressure and to the polarity of the sulv 
stanccs, and deduces that non-polar substances having approximately equal internal pressure 
will obey llaoult's law and may have their solubility calculated by the above formula, whereas 
inequalities in internal pressure lead to positive deviations from the law. A list of various 
compounds, arranged in order of their internal pressures as calculated by various methods, 
is very similar to the list given in Table XXXIII based simply upon chemical relationships. 
Mortimer has shown how, in a table of compounds thus arranged, a factor may be derived 
for any two corn])ounds which, if introduced into the thermodynamical equation previously 
given, compensates for these deviations from Raoult’s law and gives an approximately correct 
figure for tho solubility. 

Solubility of Electrolytes in Water: The attempt to find a basis for calcu- 
lating the solubility of electrolytes in water has met with only a small degree 
of success. Abegg and Bodliinder ^ have evolved a theory according to which 
the solubility of a salt in water depends upon the electro-affinity of its ions, 
defining the electro-affinity as the energy change necessary to change an atom 
to an ion, not measured against a normal solution, as in the measurements of 
electromotive potential, but between an equal concentration of ions and atoms. 
The theory has had but limited applicability, giving a substantially correct 
order of solubility for such relatively insoluble salts as the silver halides and 
similar salts of thallium. 

On the other hand, an extended and valuable theory has been evolved by 
which, taking tho solubility of a salt in water as given, the effect of a second 
salt in increasing or diminishing the solubility of the first can be calculated. 
As will be shown, this theory is adequate to give a qualitative measure of the 
solubility changes in all cases, and has been adopted almost universally in ex- 
plaining and predicting the results obtained in analytical practice; examined 
quantitatively, it will be shown to be in general harmony with the experimental 
results, though in no case docs it give agreement within the limits of experi- 
mental error. The theory will therefore be presented with the understanding 
that it consists of a series of principles which are only approximately correct, 
and a discussion of their inherent error will follow. 

It has long been known that the presence of an excess of a precipitant (i.e., 
a salt having an ion in common with the precipitated compound) causes a 
depression in solubility, while the presence of any other salt brings about an 
increase in solubility. It was not however until the theory of electrolytic 
dissociation had been advanced by Arrhenius * that it became possible to ex- 
plain these well-known facts by means of an acceptable theory. Nernst * was 
the first to advance the principles upon which such an explanation can be built 
up, and they were clearly stated by A. A. Noyes ^ as follows: 

* Bodl&nder, Z. phyaik. Chern., 27, 66 (1898) ; Abegg and Bodl5ndcr, Z. anory. Chrm.. 
20 , 463 (1899). 

* Z. phyaik. Chem., 1, 631 (1887). 

» Z. phyaik. Chem., 4 , 372 (1889). 

* A. A. Noyes, Z. phyaik. Chem., 6. 241 (1890). 
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1, " In a saturated solution of a partially dissociated substance, the concentration of the 
^,)(l,j,^ociated part remains constant, even if another dissociated body is added." This is 
the principle of the constant solubility of undissociated molecules or of the constant molemilar 
f,«ilnbility, and is founded upon a plausible analogy to the behavior of a non-electrolyte; 
if n solution is saturated for example with sugar, the addition to the solution of some other 
compound such as salt should be without effect upon the solubility of the sugar, provided 
of course that there is not chemical interaction between the sugar and the salt and that the 
solutions are dilute; the principle is therefore similar to Dalton’s law of luirtial pressures 
for gases, as applied to dilute systems where there is no chemical interaction. 

2. The product of the active masses of the ions of the substance with which the solution 
is saturated has a constant value. This is the principle of the constancy of the ion product, 
or as it is more commonly known, the principle of the constancy of the (K)lubility product. 
It can be shown that the two foregoing principles arc not independent, but that either one 
can be derived from the other by means of the concentration law. If a salt Ali is undergoing 
reversible di.ssociation, the equilibrium is expressed as follows: 

+ 

AH . ‘ A + H. 


\pplyiug the concentration law to this eiiuihbriurn at saturatinii, we have 

r+ X r- 

_j r 

(’.Mi 


= K. 


Now, if the first jirinciplc given .'ibo\e be accepted, the coiu'cntralion of the uiulissociated 
molecule^, (' ab< has a constant value, whence 


(’+ X V- 


Utid 

f'f X C- KK' = K". 
u 

II. A third principle implied and used in the experimental work of Nenist, Nojes and all 
others who have contributed to the theory i.s that muik' foim <tf dilution formula can bo 
written to express the dis.>ociation equilibrium of each of the eleidrolytes jircsont in the 
solution. Such a dilution formula must nccc.s.‘'anly exiin"-.-^ imt mendy the dissociation of 
the compound, but whatever effect (if any occurs) there may be exerted upon it by the 
pre.sence of other ions and other molecules which do not enter into direct chemical action 
with the electrolyte in question. In the course of twenty-five yiairs of experimental work 
on these solubility pniblema most of the dilution laws discus'-ed in the chaptiT fui electrolytic 
dissociation have been used at one time or another, the simiile Dstwald dilution law * has 
been used (correctly applied of course only to weak electrolytes), van’t Hoff’s* formula 
has been used, and the later work has la*cn done with the use of Bancroft s • formula modified 
by the isohydric principle of Arrhenius,* .so as to take into account the effect of the molecules 
and ions of the other compound.s present. Some form of dilution formula i.s essential to 
every calculation, and it will at once be seen that all of the qucHtion.s involving the accuracy 
of our methods of determining the degree of dis.sociatinn of an electrolyte must also affect 
the theory by which we calculate changes in .solubility. 

The test of the accuracy of these throe M.luhility principlea lio.s obviously 
in determining whether we can correctly calculate the soluVulity of a given salt 

* Ostwald, Z. physik. Chem., 3, 170 (18t>0). 

* van’t Hoff. Z. physik. Chem., 18, :m (ISM). 

‘Bancroft, Z. physik. Chem., 31. 1S8 (ISM). 

* Arrhenius, Z. physik. Chem., 2, 2R4 (1888), 31. 197 (ISM). 
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in the presence of known quantities of a second salt. The work of Nernst and 
of Noyes gives examples of this type of calculation. The mathematical diffi- 
culties are least where the second salt has an ion in common with the saturating 
salt, since the number of molecular species present in the solution is then a 
minimum. Treating the case algebraically, let a solution be saturated with 
a salt AB and let a given amount (n) of a soluble salt CJ5 be added; the equi- 
librium is 

ABA-CB^A-{-2B-\-C. 


The terms known and unknown may be tabulated as follows: 


Known 

Totul soluVnlity of AH in pure water = rm 


Total cone, of CH added =* w 

Dilution constant for CH — kb 

Molecular solulnlity of A B *= ka 

Solululity product of AH = k 


Unknown 

Cone, of molecular AB = a 
Cone, of molecular CB — b 

Cone, of A ions = A 

Cone, of B ions = B 

Cone, of C ions = C 

Total solubility of /IJ? = m 


To solve for m, the total solubility of the salt, six e(iuations can be written; the fir-t 
three are bas(‘d on the fundamental assumption of the dissociation theory, that the total 
cojiccntration of any electrolyte is that of its undissociated molecules plus that of its ioiiN 
the fourth is a dilution formula for the salt CB, the fifth expresses the principle of the constanc.\ 
of molecular .solubility and the sixth that of the con.stant .solulnlity product. The equation^ 
follow: 

(1) m = i-l + 

(2) m+n— a-{-b-\-H, 

(.3) n - C + b, 


(5) a = ka, 

(0) A XB k. 

The number of equations is sufficient for algebraical solution for m, but it 
has been usual to adopt the shorter methods of approximation. In the follow- 
ing table, showing results obtained by Noyes/ the values of ka, k and kb were 
taken from independent measurements of the electrical conductivity of the 
salts in question, and equation (4) was modified from the form given above 
(Ostwald’s dilution formula) to take into account the total concentrations of 
all ions present (Arrhenius’s isohydric principle). The results follow'. 


T.VBLE XXXIV 


Solubility of Salts in Presence of Salts with a Common Ion 
AirBrOj with ArNOj and with KBrOs (24. .5°) 


Added I 
Salt(n) 
(normality) 

Solubility on Addition 

Solubility on Addition 

of AgNO* 

of KBrO, 

0 

.00810 

.00810 

0.00850. . . . 

.00510 

,00519 

0.0346 

.00216 

.00227 


Calculated 

Solubility 


.00504 

.00206 


Loc. cif. 
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TICI with TINOs and with HCl 


Addition 

Solubility on Addition 
of TINOs 

Solubility on Addition 
of HCl 

Solubility 

('’alculated 

II ■ • 

.0161 

.0161 



i)U2s3 

.00830 

.0()S30 

.tX)7S3 

Od.'iOO 

.00571 

.0056.5 

.0050S 

(1 1 ms 

.00332 

.(M)316 

.IM)253 

1 oooo . 

— 

.00200 



There ia reasonable agreement between the ob^erve(I and the ealculated toMilts, although 
the deviation amounts in most ea^es to several per cent. A much eloper agret'inent l)etw(H'ti 
theory and i^ractiee is found when the SiituniUng salt ha*, a \erv '<niall solnbilify, in sueh 
ca-es it is also possible to make additional a^sumptlon^ ulueh simplify very greatly the 
process of calculation. Examples tire found in cast's of double decomposition in which two 
insoluble salts are concerned, of which the following have been studied 

Tin + KCNS ^ - TKWS + K('l (Knuppfei >). 

Pbh + NasSOt V • I>bS()4 f 2XaI (Fin.llav V. 

CaCih + K2C!()4s * ('a(’2()4 + Ki('t), ^l•‘..ote^), 

2Ag(’l -f 2K()H V- Ag:() + 2K('l b IhO (Xo.ves and Kohr ‘), 
liar204 + Ca('lj (’a(: 2()4 f Ibit'h (Foote and Menge '■), 
liaCOa + CaCb ♦ - CaCOj b IM'U (Foote and Menge), 

BaF: + Cat'E . * (’aF 2 + Bat'b. ( Foote and Mt'itge). 

AgCl + KCNS . i Ag('NS + KC\ (Hill <■). 

AgCNS + KBr . - AgHr + KCNS (Hill), 

AgBr + KI . ^ Agl -b KBr (Hill). 

In oach of these cases two quite insoluble salts appt'ar. Repre^entinK them 
by the symbols AH and CH (for they have one ion in common in each case), 
the principle of the constant solubility jiroduct would give the following 
equation.s: 

X Oi ~ 
f’e X ('h 

Xow if the salts arc very insoluble, tlu'ir coiieeiif ration must be very low, and 
we may therefore assume j)ractically complett' dis.sociation. On thi.s assump- 
tion, it follows that the solubility of each of the .salts (,s, and ^2), expresHed in 
equivalents, is equal to the concentration of either of its ions, whence it follows 
that 

Ca X Ch = 

CcXCb= 

‘ Z. physik. Chem., 26, 2r,o (189S). 

^ Ibid., 34, 407 (1900). 

>/6id., 33, 740 (1900). 

< Ibid., 42, 336 (1902). J. Am. Chtm. Soc., 24, 1141 (1902). 

‘ Am. Chem. J., 35, 432 (1906). 

*J. Am. Chem. Soc., 30, 68 (1908). 
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Dividing these simultaneous equations by each other, we obtain 

Cc ' 

the ratio of the concentrations of those ions which are not common to both salts 
is the ratio of the squares of the solubilities of the two salts. From this inter- 
esting relationship it becomes possible to calculate the concentrations of ions 
which can be in equilibrium with two such salts, or, having determined the 
concentrations of the ions by analysis, to calculate the relative solubility of the 
two insoluble salts; such calculations have given values in good agreement 
with the experimental figures. 

It equilibria be considered in which the two salts present have no ion in common, the 
treatment is essentially that used for the common ion effect, extended so as to include the 
larger number of molecular species present. Let the relatively insoluble salt AB be treated 
in solution with a known amount of CD; the equilibrium is 

AB -f CD ^AD + CB, 

and in the solution there are four species of ions and four species of undissociated molecules: 
in addition to these eight unknowns, there is to be added the total solubility (m) of the salt 
AB which it is desired to calculate. The necessary nine equations are of the type previously 
outlined: four are simple linear equations expressing m and n in tenns of ionic and molecular 
concentrations, three are dilution formulas for the three salts CD, AD and CB, and the 
remaining two express the constancy of the solubility product A X B and the constancy of 
the molecular solubility. Using this basis of calculation, it follows at once that any salt 
will have its solubility increased by the addition of any second salt possessing no ion in 
common; and that the increase in solubility will be greater when .4Z> or CB is a weak com- 
pound (or when both are weak). Noyes ‘ has tested a number of such cases with satisfactory 
results. The solubility of a salt of a w'eak acid in a solution of a strong acid is given in Tabic 
XXXV; this type of reaction has been found generally to give a fairly close agreement be- 
tween calculated and experimental results. 


TABLE XXXV 

Solubility of Silver Benzoatf. m Nitric .\cid 


Cone, of HNOi 

Solubility Found 

Solubility Calculated 

Percentage Difference 

0.00 

0.01144 

_ 


0.004435 

0.01395 

0.01400 

-f 0.78 

0.008870 

0.01698 

0.01703 

-1-0.29 

0.008915 

0.01715 

0.01706 

- 0.53 

0.01774 

0.02324 

0.02390 

+ 2.76 

0.01783 

0.02351 

0.02396 

+ 1.89 

0.02674 

0.03071 

0.03159 

+ 2.79 


Critique of the Solubility Principles: Experimental work such as the fore- 
going has naturally led to a general adoption of the principles of Nernst and 
Noyes in discussion of solubility relations, where they have proved of great 

» Noyes, Z. phvaik, Chem., 27, 267 (1897): Noyes and Schwarts, ibid., 27, 279 (1898) 
J, Am, Chem. Soc., 20, 742 (1898); Noyes and Chapin, ibid., 20. 751 (1898). 
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A :ilue. It has appeared, however, in the course of later investigations tliat, 
\\hile the principles have usefulness, they are far from being quantitatively 
exact. It was Arrhenius ^ who first demonstrated that the principle of constant 
molecular solubility could not be rigorously maintained. It is a simple corol- 
lary of the principle that sufficient addition of a salt with an ion in common 
with the saturating salt may depress the ionic solubility {A of equation 1) to a 
quantity approaching zero, but the total .solubility, by the same equation, 
should never become less than the molecular solubility a. Arrhenius detiHited 
in some of the experimental work of Noyes a ca.-'C in which the total solubility 
had been depressed below this value by addition of a salt with a common ion, 
and on trial found that the same result could be attained in other cases as well; 
Table XXXVI shows the data for two out of several silver salts upon addition 
of the corresponding sodium salt. 


TABLE XXXVT 


SOLOniLlTY OF SlI.VKK S\I.IS 


Total 

Solubility 

Ag-Butyrate 

Na Butjrate 
Added 

Molecular 

Solubility 

‘ N'a-.toot.ato Molecular 

Solubility 1 .Solubility 

of .\g .Veetate 1 

0.0224 

0.0027 

0 

0.493 

0.0042 

j 0.0591 i 0 01 00 

I non: 0 50 


In the above examnle, it uill be stvn that a(l«lition of the ao.hum hall ui) to about 0 :> 
norinalitv has in each case lowered the total holubilitv of th(‘ Mlver halt to less t lan t lO »o u 
bility of Its undis.sociatcd inohsMile., which of curhc m a <hre<a .lis,.n.of of the nrineiplo of 
the constant molecular h..lul)ilitv. It will be hcen that tins demouhtration involvoa no 
a.s.suniptions other than e(juation 1 (which canimt be altackr<l without < niMtiK t le <-»s<n la 
lalidity of the whole theory of electrolytic dihhocation). an<l ah a hcnaul ahHUinpUon that 
the value of the molecular bolul)iht\ is a.s Kiven by inea‘'Uieiiieiiis o e (din a coiu uc iM 
Should these latter figures be in .-rror, however, bv any m.xlerate am..unt '*nlv. the conclusion 
of Arrhenius would neverthelchs be valid namely, that the molecular solubility is not a 
constant. It is therefore impohsible to maintain the a<<Miraf> o » trusts irs ))rin 
the face of this evidence, although it is doubtless tnn- that the .leorense in the molecular 
•solubility is not great where the concentration of the .si cond .salt is kejit Hinall. 

At a later date it was shown that Ncrn.st’.s second principle, that of tho 
constant solubility product, is also to be looked upon hiinply as a first approxi- 
mation, and not as quantitatively true, llic tests of this socont princip e 
have been made along two different lines and have led to differerit conclusions 
as to the direction in wliich the deviation from constancy occurs. 

HiU * found that in a limited number of inatauces the treatment of a aaturuted mdutmn 
Mth additions of a second salt having no ion in common with the first enuW 

in solubility instead of the increase demanded by tlie theory, and that this decrease could 
l)e carried on sufficiently far so as to permit a process of reasoning like that used by Arrhenius 

‘ Z. phyaik. Chem., 31, 197 (1899). 
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in hiH demonstration of the untenability of the first solubility principle. The argument 
as follows: let the salts AB and CD (of which AB is the saturating salt) be in equilibrium, 
and let A, B,C and D represent the four ionic concentrations and a, b, c and d the four molop- 
ular concentrations; 

AB +CD^AD A-CB, 
abed 

then, writing two cfiuations to represent the solubility w of ylB at equilibrium, 

( 1 ) m = A A- a A- c, 

(2) m = B + a + d. 

and by the principle of the constant solubility product, which is to be tested, 

(3) A XB =K, 

Multiplying (1) by (2) and extracting the s<iuare root, 

(4) m ^ A X B A- X, 

where x is used to indicate the various other terms, all of which have i)ositive values; now 
substituting from (3), 

(.')) m = V A' + X 

which indicates that, on the assumption of the constant solubility product, the total solubility 
can never be less than the value Va'. In Table XXXVII are shown cases which were tested. 

TABLE XXXVII 


SoLlIUlLITY IN MiLLI-EQUIVALENTS PER LlTEH 


Cone, of Sol- 
uble Electro- 
lyte Added 

AgBrOa in 
HCilLOj 

(CID^NI 
in KOIl 

(CH,)4NI 
in NHiOH 

TlCl in 
HCilLOj 

PbCh in 
HC2 H,Oj 

0.00 N 

8.2668 

262.28 

2()2.28 

16.085 

77.53 

0.20 iV 

8.1451 

252.00 

261.8 

15.82 

77.03 

0.50 .V 

7.9(m 

237.7 

261.5 

15.29 

73.40 

1.00 .V 

7.6392 

204.6 

260.6 

14.73 

67.00 

2.00 N 

6.75 

139.4 

258.8 

13.03 

54.30 

3.68 N . . . . 

— 

— 


— 

.37.88 

V AA .... 

7.73 

167.8 

167.8 

14.32 

42.50 


In four of those five cases the total solubility has become loss, upon addition of a soluble 
electrolyte, than the value Va, and it is therefore clear that not only has the solubility 
product varied in its value, but that it has 1)000 decreasing with an increase in the total 
concentration. While the conclusion docs not seem to be open to criticism for the cases 
given, it cannot of course be proven that the variation in the solubility product is always 
in this direction. 

Taking the more usual cases in which the total solubility increases upon 
addition of the second electrolyte, Noyes, Bray, Harkins and others^ have 

> Noyes and Bray, J. Am. Chem. Soc., 33 , 1643 (1911) ; Noyes, Boggs, Farrell and Stewart, 
ibid., 33 , 1650 (1911); Bray and Winninghoff, ibid., 33 , 1663 (1911); Bray, ibid., 33 , 1673 
(1911); Harkins, ibid., 33 , 1807 (1911); Harkins and Winninghoff, ibid., 33 , 1827 (1911); 
Harkins, ibid., 33 . 1836 (1911). 
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likewise deduced that the solubility product varies but that there is an increase 
,1, its value with increasing total concentration. In testing the principle for 
,, large number of typical cases, eight equations have been used, of which four 
define the concentrations of the two salts taken in terms of their molecules and 
ions, and the remaining four are dilution formulas modified in accordance with 
Virhenius’s rsohydric principles. Taking the solul.ilitv found a.s a known 
term, there are therefore only eight unknowna^he concentrations of the four 
molecular compounds and of the four ions, and the number of e,|uations is 
sufficient therefore for a calculation of all concentrations, from whiidi con- 
elnsions can be drawn both as to the .solubility product and as to the molecuhir 
solubility. Meaaurement.s of the electrical eomliiclivitv of the .solutions iit 
eiiuilibriiini wore in good agreement with the condnctivitv calculated from the 
ionic concentration, s found. Cases where common ioiis urc jircsent reiiuired 
a smaller number of equations, and were treated by the .same method. The 
ri'MiltsS for one such case follow. 


TAHI.E XX XVI II 


b(JLL’HILITY OF 1 1C 1 I.V K( 1 .^OLUTIONi IN MlH.I KO' IV M.KNTrt I'h.H LlTKH 









.\(l<lad 

Total Solubilitv 


4 




KCl 

of TlCl 

( ona. K 

( ona. 1 1 

( one. ('1 

K('l 

TK’l 

0.0 . . 

16.07 

0.0 

14 32 

14 32 

0 0 

1.7,55 

2o.O . . 

8.69 

22.58 

7 30 1 

29 ,S,S 

2 12 

1.390 

50.0 . . 

5.90 

44.15 

4.70 

4S.S.) 

5 .S5 

1 201 

100 0 . . . 

3.90 

85.5 

2.90 

NS 40 

14 5 

l.(MU 

2(J0.0 . 

2.68 

164.8 

1.71 

16651 


0.91 


T1 X {~\ 


204.0 

215.1 
22!).(i 
250, a 
200.0 


The figures of the .soveuth column .show Ihiit the molfcijlar foi't'ciitnUion of un(hH.>iociiilc<l 
IK’l decreases with increasing total concentradon, as i>rc\ious|\ .shown Its Arrhniius, whilt* 
the last oolumu shows that the solulahfj prtxiiH-t is far fiom a fonsfaiu, und incrcaw's in 
Millie with increasing total ooncenlration, siimlar ifsulis wt ri' found for a Ittrgi' nuiiihcr of 
iasc«. It has been pointed out, howevar,* that (la; riniflusKin assumas tha fiuantilati\ e 
'aiidity of the dilution formula used m tha aalculalKins. and that with sufliaiant. ahanga in 
I ha dilution formula u.sad the .solubility protluat may ba aalaulatad as ait liar inarea.sing, 
•laarefising or remaining aonstant with rhangas in tha lotal aonaantration. Until aartainty 
‘‘an Ikj arrived at with respoat to tha formula a\pla^■^mg tha ahanga «if mnizalion of a singla 
"iilt with changes of aonaantration, it is clear that a.ihulations basad upon such a formula 
are ojian to the possibility of error. 

It appears from the foregoing tiiat the .Miluhility jirinciples of \eriist may 
properly be u.sed only as first approximatum.s, with wliicli restriction, liowever, 
they are extremely useful. The molecuhir .solubility has been shown to be 
bo true constant, but to decrease with the total cmicentration present; the 
solubility product i.s no true constant, but decreases or increases with the 
concentration, possibly dependent on the nature of the substances; and the 
dilution formulas, as shown in the chapter on electrolytic di.ssociation, 

‘ Hill, J. Am. Chrm. Sw., 39. 2.10 (1917). 


are 
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doubtless far from telling us the exact degree of dissociation of the electrolytes 
present. It should be kept in mind however that probably all three of these 
principles approach more nearly to the truth as the concentration of the solu- 
tions becomes extremely small, and that probably our calculations for the 
solubility of very insoluble salts in presence of small amounts of a second elec- 
trolyte are quite close to the truth. 

Recently Bronsted ^ has proposed a treatment of the solubility relations 
of electrolytes on a thermodynamical basis. The reader is referred for details 
to a later chapter (chapter XII) where the activity concept is developed. 


THE THERMODYNAMICS OF HETEROGENEOUS EQUILIBRIA * 

The position of equilibrium of a given process in one phase may be referred 
to that obtaining in another phase by application of the distribution law to the 
individual components of the process in the two phases. Consider the general 
case of a reaction proceeding in the vapor phase and simultaneously in the 
liquid condition. Let the reaction be generalized by the equation 

(lA + 6J5 = cC + dD. 


From the thermodynamic reasoning given in the preceding chapter the respec- 
tive equilibria in the two phases arc, in the gas phase 


and in the liquid phase 




Py 


X Pd'^ 

'x 


Kx 


Xc^ X Xd^ 
Xa'^XXb^' 


where P and X refer to the respective partial pressures and mol. fractions. 
The relations between the various quantities in the two equations are connected 
by means of expressions, based upon the distribution law, of the form 

PA = k,XA; PB^k.Xs; Pc = k,Xc] Pd = Mo. 


It therefore follows that 


Kp 


K ^ 

^ kP X ’ 


An example of this type has recently been studied by Edgar and Schuyler ’ 
in the esterification equilibrium. The equations given imply that the solution 
has the properties of a perfect solution. Where this does not hold the equations 
become more complex as outlined in the first section of this chapter. 

‘BriJnsted, J. Am. Chem. Soc., 42 , 761 (1920); ibid., 42 , 1478 (1920); ibid., 43 , 2265 
(1921); ibid., 44 , 877 (1922); ibid., 44 , 938 (1922). 

* Contributed by the Editor. 

» J. Am. Chm. Soc., 46 . 64 (1924). 
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Tlie equilibrium, Kx\ in one solvent can similarly be related to the equi- 
librium, Kx, in another solvent by means of the partition coefficients of the 
K-pective molecular species between the two solvents. 

Gas-Solid Equilibria: In the case of hetcroKoneoiis reactions, for example, 
between gases and solids, a knowledge of the saturated vapor pressure of the 
cdlicl constituents enables one to refer the reaction to that taking place in the 
homogeneous gas phase. A simple typical heterogeneous reaction may bo 
u.scd by way of illustration, the oxidation of sulphur to sulphur dioxide. This 
reaction may occur either as a heterogeneous reaction between solid sulphur 
and oxygen or as a homogeneous process between sulphur vapor and oxygen. 
For the latter, it is evident that 


Kp = 


^aoi 

X Poi 


In the heterogeneous system with solid sulphur continuouNly present it is 
apparent that the partial pressure of the sulphur will remain constant through- 
out the reaction process and be equal to the saturated vapor pressure of 
sulphur at the given temperature. The e(|uilibrinm constant of the hetero- 
geneous reaction will therefore be 

P 

Kp = - ^^ 

Poi X TT^ 


or since TTg is constant at constant temperature, 

= A',, X = A',.'. 

^ Ol 


It is therefore evident tliat the e<iuilil)riuin condition for luderogeneouK reac- 
tions, Kp', can be deduced by inserting tin' partial pressures (<»r conc('ntrations, 
activities, etc.) of the reactants, present oidy in the gaseous phase, in tlie mass 
action relationship. The solid phases present influence the numerical value of 
the equilibrium constant. 

The variation of this constant with teni|)<'rature can similarly be associated 
with the variation of the cquilil)rium con'^tant of the Inuiiogein'ous reaction 
with temperature. In the example cited 

„ , Kp' (heterogeneous) 

A p (homogeneous) = 


or 


Kp’T^ — Kp'. 


Now, from the discussion in the preceding chapter, 

dJnK ^ ^ 

dT RV ’ 
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and, from the Clapeyron-CIausius equation, 

Xg 

dT ” RT^* 

where \s is the latent heat of vaporization of solid sulphur. Hence, 

dlnKp’TTQ dltiKp' Qp — Xg Qp' 

dT It ~rt^ ^2 ’ 

The quantity, Qp^ is the calorimetrically determined heat of reaction between 
solid sulphur and oxygen to form sulphur dioxide. The variation of Kp 
with temperature is similar to that obtaining in the homogeneous system. 
For short intervals of temperature over which Q' may be regarded as constant 
the integrated form may be employed. 

A-/ R V ) 

If we express Qp, as in the preceding chapter, in terms of temperature by means 
of the equation 

Qp^Q,-qT - \tT^ - \sT\ 
it follows that (see page 310) 


In a similar manner, the vapor pressure may be expressed by an equation 

W'hence it follows that 



Reference to the preceding chapter will indicate the nature of the magnitudes, 
5 , r, «, • • •, They are the algebraic summations of the m, n, o terms in the 
equations for the specific heats of the respective substances. For example, 
when 

Cp = m -f nT + oP + •••, 


we have, in the homogeneous reaction under consideration, 


* ACp = (mgo. 




+ («soi “■ Og - Oo, )P + * * •, 
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w lienee 

= q] 

ill the expression for In given above the quantity 


R 




wliere vig, n^, etc., refer to the respective terms in the expression for the lieat 
rapacity of the gaseous form, n^, etc., refer to tlie corresponding quantities 
ill the heat capacity of the solid substance. Hence, it follows tliat 


InKp' — 


Qo ^0 I ^^sot "b ni^ ^ 
RT~ R 


2 R 


+ C\ 


For a condensed system, solid or licjuid, m' is the heat ca|)acity at the absolute 
zero, and is, therefore, equal to zero, as sjiecific heat measurements at low 
temperatures have shown. The equation therefore becomes 


biKp 


Qo' , ~ 

RT li 


7 « 7 ’ + 


1 


R 


where Qo' is the heat of the heterogeneous reaction at 0° K. In seeking a 
general solution for such equations and for the corresponding (apiations for 
homogeneous equilibria, Nernst suggested that tin* heat capacit> of gaseous 
systems might be exi)rcssed by an ccpiation of the form 

C/> = a + 2/jr + /? = 3.0 + 2^T 


with a corresponding equation for condensed sy.stems of the form 
[C/>] = 2ii'T. 

This latter is certainly incorrect at low temperatures. In many cases, however, 
the resulting equation for hiKp has been of gnait utility. 

InKp' = ^+ iw,7.v«r + r + • • ■ + lo. 


In its more usual form, as an approximation, this give.s 
4.oSi 

where the refers to the algebraic summation <»f the components, resultante 
positive, reactants negative, exivting in the ga.seous state alone, C to the 
integration constants of the vapor pre.ssure equation, employing common log- 
16 
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arithms, for the substances existing only as gases in the reaction process, the 
so-called Conventional Chemical Constants of Nernst. 

The Nernst school has normally employed the approximation equation for 
homogeneous equilibria in the form 

log Kp= - + EO.To log T + 

and, for heterogeneous equilibria, 

log Kp' = - + Ivl.75 log T + E^C. 

p 

In these cases Kp and Kp' are defined as is defined as the 

P (resultants) 

algebraic summation of the molecular coefficients of the gaseous constituents, 
reactants positive, resultants negative; is defined as the algebraic sum 
of the chemical Constants of the gaseous constituents, multiplied by the respec- 
tive molecular coefficients, reactants positive, resultants negative. Thus, in 
the reaction, 

CaO + CO2 = CaCOa + Qp\ 
log Kp' = log Pco, = - + 1.75 log T + Cco,. 


The following arc some of the principal values employed by Nernst and his 
students for the conventional chemical constants. 



...LG 

HCl... 

...3.0 

Nj..., 

...2.0 

HBr... 

...3.2 

O 2 

...2.8 

HI.... 

...3.4 

CL... 

...3.1 

CO.... 

. . .3.5 

Brj... 

...3.2 

CO 2 ... 


Ij. . . . 

....3.9 

NO... 

...3.5 


X 2 O... 

...3.3 

CIL... 

.. 2.8 

NH 3 ... 

...3.3 

C 2 H 9 .. 

.. 2.6 

H.O... 

...3.6 

C 2 H 4 .. 

.. 2.8 

H 2 S... 

...3.0 

C 2 H 2 .. 

..3.2 

CS 2 ... 

...3.1 

CLH,.. 

..3.0 

SO 2 ... 

...3.3 

CCI 4 ... 

..3.4 


The Dissociation of Silver Oxide: This dissociation has been measured by 
Lewis ^ in the lower range of pressures and by Keyes and Kara * over a much 
wider range. The data have been used by Pollitzer * to illustrate the use of 
the Nernst equation with numerical data shown in the following equation: 


log = 


13,130 

4.57r 


1.75 log T - 


O.OIOT 

4.57 


+ 2 . 8 . 


The agreement with the data of Lewis is shown in the following table. 

« J. Am, Ck«m. Soc., 28 . 139, 158 (1906). 

*J, Am. Chem. Soc., 44 , 479 (1922). 

* Dio Boroohnuug Chemischen Afiinitaten, Ahrens Sammlung, 17, 414 (1912). 
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TABLE XXXIX 


Pot (atm.) Tob.. Tcic- 

20.5 575 567 

32.0 598 594 

203.0 718 733 


Lewis and Randall * express the experimental data hj' means of the equation 

AF 7240 

Y = ~ L0/a7’ -f 21.9:,. 

Gas-Liquid Reactions : The consideration.s given in the preceding section 
apply equally well to systems in which the conden.sed pha.se is a lifpiid. Here, 
also, the expression for Kp' contains tin* partial pressures of those constituents 
which appear in the ga.seous pha.se only. Thus, in the reaction 

2lhO(g) + S(/) = 2II,S(^) + SO,(g), 
the equilibrium constant 

Kj/ — X /^so? ^ 

^^^:0 

This reaction has been investigated by Itandall - at the b<»iling point of sulphur. 
The mean value for Kp' at T = 71 S° K. \\ith the partial pressures expressed 
in atmospheres was 1.54 X 10"*. The corn'sponding magnitude 

AF^lH = - RTlnKp - 0240 cals. 

Equilibrium between a Solid and an Ideal Solution: The problem of (‘qul- 
hbrium between solids and solutions is toe, complex to be treated ade(]uately 
at this stage. A comprehensive (lisc\i>sion of ionization and of thermodynamia 
concentration in solution must precede such an undertaking. This is deferred 
to subse(iuent chapters. It is pos.^ible, however, to consider the etjuilibria 
existing between a solid and an ideal soluticm of this solid in a suita))le solvent, 
‘^uch an equilibrium is of course an e(juild,rium between a solid phase and its 
saturated solution. The change of (‘(piilibrium with temperature and pressure 
is actually the change of .solid)ility with tlu'.se twr, variables. It may also 
be regarded as the freezing point eijuilibrium of a binary system whose con- 
‘'tituents form an ideal solution. 

The general equation for the variation of such an equilibrium with temper- 
ature is 

dT Rr* 

where represents the mol. fraction of the substance B in the binary system 
-IR, Lb is the latent heat of fusion of B at the given temperature, the sub- 

‘ Thermodynamicfl, p. 481. McGraw-Hill (1923). 

* Dis*. (1912); Lewis and Randall, J. Am. Chem. Soc., 40 , 302 (1918); Thermodynamica, 
P 545. McGraw-HiU (1923), 



468 


A TREATISE ON PHYSICAL CHEMISTRY 


stance B being that constituent whose pure crystals are in equilibrium witli 
the solution. In ideal solutions there is no heat of mixing of liquids. For 
a small temperature range over which Lb may be regarded as constant tlih 
equation may be employed in the form 



The equation in this form has been employed by Schroder ^ with good agree- 
ment between calculation and experiment. The temperature of the melting 
point of the pure constituent B is chosen as the temperature T' since under 
these conditions Xb' is equal to unity. Agreement between calculated and 
experimental values for Lb becomes, in such cases, a criterion of ideality. 
Since, 


dT 


— ^Cpj 


where ^Cp is the difference of the molal heat capacities of the substance in the 
liquid and crystalline states it follows that 

Eb{^t) — Lb(o) + ACp'AT, 

where Lb(o) the molal heat of fusion at the freezing point of the pure sub- 
stance B. Under such circumstances, 

dkCp' AT 

d¥ ~ RT‘ 


This is the general equation for the freezing point lowering of an ideal solution. 

This method has also been used by Washburn and Read * in the system" 
benzene-naphthalene, benzene-diphenyl and naphthalene-diphenyl to calculati^ 
eutectic temperatures. Excellent agreement between such calculations and 
experimental observations shows that these systems approach closely to 
ideality. Johnston and his co-workers ^ have recently shown that the number 
of such ideal solutions is probably considerably greater than has been hithertt' 
realized. They have shown, for example, that o-, w- and p-nitro-anilinc" 
form, in pairs, ideal binary mixtures. Not only may the binary eutectics b<“ 
calculated, but the ternary eutectic may be calculated thermodynamically. 
Exact agreement between calculated and experimental solubilities is obtained 
and between calculated and experimental values for the heats of fusion of the 
respective compounds. 

‘ Z, physik. Chem., 11. 449 (1893). 

» Proc. Nat. Acad. Sci., 1. 191 (1915). 

* Dissi'rtations, Yale University. 1923. 1924. 
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THE MEASURMENT OF ELECTRICAL ENERGY 

HY C. A. Hri.KTT. Pn.D.. 


Professor of Physiatl Pniie ton rnn<i\i(if 

All measurements of electrical enerfjy are based on a ftiiulainenlal law 
(lisc()vcred by Ohm in 1827. Ohm’s law states that the curnuit in any circuit 
dejjcnds upon two variables, the voltat^e and the resistance of the circuit. 
The current has been found to be directly j)roj)ortional to the vitlta^e and in- 
versely proportional to the resistance. It may be e\pr(‘s.--ed alj^ebraically thus: 

r = /::R. 

I'xliaustive e.xperiments have shown that Ohm’s law holds ri^;idly for all classes 
of conductors, so that for the measurement of (dectrical (juaiitities it is only 
necessary to define the units and set up the standards. ITom the alnebraic 
statement of the law it may be .seen that the po.sscssion of any two of the three 
unit> defines the third. The units arc l)ascd on the c g s. system and the electro- 
magnetic relations of the current 

The unit of resistance, the ohm, is ba.scd on the e.g.s. system and the electro- 
magnetic units, and was defined by the Idectrical ('ongress at Paris in 1881 
iiN the resistance of a column of mercury one mm. in crov-^ section and w(‘ighing 
14.4 gm.s. at the melting point of ice. Linder such conditions the length of the 
column is about 106.8 cm. 

The resistance of a metal is very decideilly alTectial by slight traces of im- 
purities and, as mercury may be more rigi<ily purifie<l than other metals, it 
was chosen as the standard. Like all metals, it has a consi<leral>le temperature 
coefficient .so that it has been nece''''ary to control definitely the temperatunj at 
which the resistance is determined. 

('ertain alloy.s have been discovered which have practically no temperature 
coefficient for ordinary ranges of temperature (manganin and Constantin). 
From these alloys practical resistances have b<*eii made and carefully standard- 
ized, or compared with the mercury ohm in n.ational bureaus of standards in 
France, Germany, England and the United States. We have, Uiercfore, most 
satisfactory and reliable working standards of resistance. Neither the units 
of current, the ampere, nor of electromotive force, the volt, can be handled in 
this way. Each one of these unit.s has given rise to a great <leal of experimenta- 
tion and discussion as to accuracy and reproducibility. 

Both the ampere and the volt arc ba.'^ed upon another law as fundamental 
as Ohm’s law’, discovered by Faraday in 1838, which show’s the relation between 

469 
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the current and the amount of chemical reaction that takes place when a current 
passes from a first class, or purely metallic conductor, to a second class, or 
electrolytic conductor. 

Faraday’s Laws of Electrolysis: As a result of the electromagnetic proper- 
ties of the current, permitting adjustment by observation of the deflection of a 
galvanometer, it is possible to establish a constant and uniform current, which 
delivers exactly equal quantities of electricity in equal intervals of time. When 
such a current is passed through a suitable cell, it has been found to liberate 
exactly equal amounts of hydrogen in equal time intervals. This same relation 
holds for metals deposited from solutions or fused salts. From these facts 
the first part of Faraday’s law may bo deduced, namely, that the amount of 
chemical action caused by the current is exactly proportional to the amount of 
electricity that passes in the circuit. Faraday called this instrument a “ volta- 
clcctrometer” or voltameter. 

The relation just outlined is not the only one discovered by Faraday; for, 
working witli his volta-electrometer in scries with cells in which metals were 
deposited, he found that difTerent amounts of the .several metals were deposited 
for the saiiK’ amount of electricity. For example: 57.9 gm. of tin were de- 
posited for one gram of hydrogen liberated in the voltameter. This is the equiv- 
alent weight of tin, and the weights of the other metals depo.sited for one gram 
of hydrogen (the e(|uivalont weight of hydrogen) wore found to be the equiv- 
alent weights of the metals conc(‘rned. These facts led to the second part of 
Faraday's law -that one and the same current liberates equivalent amounts 
of tlic elements, or produces equivalent chemical changes at the electrodes. 

Faraday fixed his attention on the decompo.sition of water, taking the 
volume of tla* gases (‘Vidved as a measure of the amount of electricity that 
passed through his voltannder. Kxperience has shown, however, that there 
are more suitable reactions for the pur{)o^e in view. For example, the weight 
of a metal deposited from a solution may be more precisely determined than 
the volume of ga.ses liberated by a current, Silver deposited from a suitable 
solution, on account of its large equivalent weight, 107.88 gram.s, and its ex- 
cellent physical qualities, has proved to l)e particularly adapted to the measure- 
ment of (piantities of eleciricity. 

The Silver Coulometer: .\n exceptional amount of re.search has been de- 
voted to the silver voltameter, or couloinbineter.* The silver is usually depos- 
ited in a platinum bowl or cup from a silver nitrate solution, and the increase 
in weight of the dish due to the deposit of silver is determined. If the current 
used in depositing the silver is uniform ami the time it flowed is noted, then 
the strength of the current is readily obtained from the relation of coulombs 
to the weight of silver deposited. In this way the coulometer becomes an am- 
meter. Due to the exceptional precision of electrical measurements, the 
coulometer has been subjected to searching investigations as to its reliability. 

' ( 'ouloinbniPter i.s the instrument for m<‘:isurmK coulombs, and this name, proposed by 
Richards, seems more .suitable than the historic term voltameter. The word is generally con- 
tracted to couU>meter. 
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Faraday found that there were many secondary reactions at the electrodes 
\shich caused apparent exceptions to the exactne.ss of his law, but exhaustive 
research which has been carried out since 1S33 has proved it to be one of the 
most if not the most exact of our laws. 

A very drastic test of the law as applied to different conductinj? media was 
performed by Richards,' in which silver was deposited from a fused salt at 
‘2»)0 degrees and by the same current fn)m a salt solution at 20 degrees. Four 
experiments showed an agreement in the depo>its of one part in 22,500, or 
well within the limits of errors of the experiment. 

Helmholtz regarded polarization as a mi>.^t .‘'Cnsitivc te.st of electrolysis. 
The products of electrolysis tend to recombine and form a counter current 
which may be detected and mea^uretl. Helmholtz found that he could detect 
m that way the decomj)o.siti(>n of as little as 1 x 10 ‘'‘ gms, of water. From 
e\j)eriments along this line we are justified in concluding that no electricity 
can |)ass from a first to a second cla^s cnnduct(*r without a rigidly (M|ui\alent 
rliemical reaction occurring. 

(Jenerally, a 15 percent s«duti<»n of sil\(‘r nitrate ha^ bi'cn i^ed in tin* bowl 
for c(Julometer work and in thi" M)lution a j»iece of pun* ^il\er st*rv<"' as an anode*. 
Fure silver does not dissolve (|uit(* compl(*telv <*lectrolx lic.allv so tlnit a numb(*r 
of small particles of silver d(*tach th(‘m>f*l\e' from tin* .aiKKh*, .* 111(1 thus a certain 
amount (ff exceedingly finely divided ''dv(‘r, or slime, is left. In order to keep 
this slime from tlie d('p(»sit in the bowl, Havl(*igh r(*commended enclosing the 
.‘inode in filt(*r jiapor. This brought the ''olution in contact witli c<*llulos(* and 
the question aro.«;e of the possible effect of filter pai)(*r on the w'(*ight of the 
dejn)"!! obtained. This has received a gi(*at d(‘al <*f attention. 

d'he general result lias b(*en to direct attention to tin* jnirity of tin* electrolyte 
as a means of securing reproducibh* results. Richards and ins co-W'ork(*rs, 
in jiarticular, have advocated surrouiniing tin* atnjih* with a cup of porous 
porc(*laiii to retain the anode slime and to k(*ep the ainnle liejuid away from the 
Catliode. They claim that the anod<* liiiuid caused an almormal result. J h(*.s(* 
effects have not b(*en definitely settled. .Ml thesi* (|U(*stions have lieeii exhiius- 
tiv(*iy investigated by Smith, Mather and Lowry.* 

Another (piestion which has rec(*i\ed a great deal of attention is the 
amount and nature of the inclusions in tin* electrolvtic silxer. I'iVidently it 
lias been .shown that the di'posit is no! pure sihor but C(mtain.s small amounts 
of included water and siher nitr.'ite. 1 in* amount would .seem to be less than 
0.01 percent. This (piestion has been paitieularly considered by Vinal and 
Bovard,*^ who also point out that tlie mo't accurate value for the absolute 
electrochemical ecpiivalent of siher is thal r(*c()mmende(l as tin* international 
standard, 1.1 1800 mg., making the \alue of the Faraday 

F = 90,404. 

' Pnx;. Am. Acad. Arh Scu, 38. 413 ( 1002 ). 

^Proc. Roy. Soc.. 207, .'»4n (lOOS). 

’ J. Am. Chem. Soc.. 38. lOO (lOlOi 
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If tho uinount of tlie impurity were constant, it would not matter from tlio 
standpoint of measuring the quantity of electricity. Evidently, from the 
exhaustive work of Smith, Mather and Lowry {luc. cit.) it is possible to piv- 
pare solutions of silver nitrate which yield deposits of silver reproducible in 
mass to 1 or 2 parts per 100,000. 

The conclusions concerning the best method of conducting the determina- 
tion of current by means of the silver coulometer are given by Rosa and Vinal.' 
The jiorous cup and the F. E. Smith forms of voltameter are the most satis- 
factory. Electrolyte of the highest pos.siblc purity is essential. If it is pure, the 
weight of deposit is independent of the size of the voltameter; if impure, it i' 
larger with large voltameters (volume effect). The temperature coefficient i> 
zero. If the electrolyte is pure, the inclusions within the depo.sit average 0.001 
per cent of its weight. The proposed specifications arc in part: 

The electrolyte shall contain 10 to 20 irraniH silver nitrate in 100 cc. of solution ami shall 
he free from orKanic or other leduciiiK suhstanees and colloids as shown (1) by fe^titiK with 
1 ce, of tl.OOl N. KMnth add<*d to 10 cc. of 00 JXT cent siher nitrate solution acidified, (J) 
by yieldinii; an unstriateil dejiosit, (.'{) by ab'-iuice of the voluna* elTect. Silvi'r nitrate isi)Uii- 
fied by crystallization from acid solution and fu-ioii, ri'peatedlv, if neci'Nsary. The voltam- 
eter should contain not less than 70 cc. in the catlaxle chamber and the c<mcentration at the 
suifuce of the cathodi* .should not bo naluced duiiiiK <*l(‘ctntl\sis below 3 per cent. The 
(‘lect rolyti' should be maitral or but sliRhtlj acicl (1 pait in 1 ,000, 000) as tested by methyl red 
(0.2 i)(‘r cent in alcohol) or lodeosin (10 tiik. per liter) in ethci, aftiT imnoval of the Mlver b\ 
neutral potas.siurn i-hlonde. The electroly te mimt be ncutial or .^liirhtly acid at the end of the 
experiment. The aiimle shoiihl be of puie ^iKer and is preferabh coate«l with electrolytic 
siKer. It should ha\e as laiice an actne area as the instrument jx'rmits. 'Phe current 
should be constant and not mote than I ampen* for not l<‘ss than 1 hour, .\fter washing, the 
cathode bowls .sliould be dried ;it l.’)0°(\ 

Tlie only oilier cotilomefer which has rocidvcil careful study is the iodiot' 
coulometer. 

The Iodine Coulometer: Wtishburn ttnd Hates - liave shown that an iodine 
coulometer is capable of ti reproducibility of 0 002 per cent for the iodine lib- 
erated at Hut nnodt' in ti potassitiin iodide solution. In addition, the iodine sur- 
rounding the (tathode in tht* potassium iodide solution disappears. The change 
in the amount of iodine til either electrode may be accunitely measured by 
titration. It was shown that the change in the amount of iodine at the anode 
and the cathode checked to within thr(*e parts in a hundred thousand. This 
constitutes ji unique cheek on the accuracy of the determination and the cor- 
rectness of tho assumed electrochemical reactions. The iodine coulometer a" 
used by Washburn and Hates was directly comparetl yvith the silver coulometer 
used at the Bureau of Standards at Washington where so much exhaustive 
work has been ilone on the silver coulometer.'^ The silver deposited in the 
coulometer was directly compared with the iodide liberated by the same 
current and measured by titration, thus giving a direct comparison of the 
equivalent weigiits of iodine and -siher, which, for these elements, should be 

‘ Bull. Bur. SlaruiurtU. 13. 47U flOlfi), ^ci. Paptr ^SJ. 

* J. .-Iwi. Chnu. SiH-., 34. i:t41 (1‘)12). 

* J. .-im. Chrm. Sw., 36, 910 U914). Bur. of Standaids. Sci. Pdfur JIS. 
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[!i(‘ vame as their atomic weights. The coulometer compari^(>n ga\e the ratio 
of -ilver to iodine as 0.85017 while the l)e^t figure for the atomic weights by 
iliciuieal methods appears to be O.K490S. The difference is well within exjUTi- 
ijM iital errors and constitutes a most satisfactory agreement lietween chemical 
, 11,1 (.Icctrochemical values. 

The Absolute Measurement of Current: .Vll of this gives only a precise and 
ic])roducible method of measuring a curnmt and must be compared with the 
of the current in absolute ore g s. units From the electromagnetic action 
,,f till' current the following convention has been agreed upoir In a conductor 
,,iic cm. of which is in the form of an arc of one cm radius, the current which 
pioduces a force of one dyne on a unit magiu'tic jiole at the center of this arc 
b defined as the electromagnetic unit of current. For iiractical imrposes this 
!■. (oo large a unit, so the nmpi're commonly used is one tenth of the eli'ctromag- 
nctic unit. 

A conductor carrying a current b(dia\('s as a magnet If iwo coils in tiie 
fmiii of Indices are arranged co-a\ialIy. a cuiKUit passing through them in 
'(‘IK'S causes them to act (Ui laich other with a foicc wliiidi ni.av he calculated 
in absolute or e.g.s. units, from a knowleilge <tf tin* diimuisions of tin* coils 
and th(‘ current eniiiloyed. Or. if we know th<‘ loice and tin' dimensions of the 
cods, the current may be calculated. If om* coil is fixed and t lu' ot hi'r suspemh'il 
fioiii the beam of a balance, the force du(‘ to a gneti ciiirent ma\ biMueasuied 
oi gra\itational units. Such a cuinuit weigher has been construct(‘d by A\rton, 
Mather and Smith.' The following I'xtracts from then paper will indicat.' tin' 
lii'torical developnu'iit and the use of this msjnim.'nt 

A current can be iiieasure.l absolutely in th.' electromagnetic system of 
units either bv nu'ans of tin' action of the cuii.'nt, on a magnet or of tin' curn'iit 
on a current. The former method has th.' .Iisadxantage that at least two in- 
• lependent mea.surenionts aie iiecessarx F-.r e'.imple, in using an elect ro- 
inngnetic balance, the strength of the magnet acted .ui by Die electric circuit 
has to be determined, as well as the b.rci' .'V'lted on th.' magnet by the circuit. 
In gahanonieters, either of the s,„c o, tai.g.'i.t type, the magnetic field pro- 
duced by the electric circuit is compar.'.l with the earth’s hori/ontal tudd the 
Mrength of which is determined indepemlently. further, as tlie strength of 
amticial magnets cannot be regarde.l as trulv c.uistant, and th.' .'arth s liel. 

|s subject to diurnal and s.'cular vaiiatioiis, this class of m. asun.nu nt i no 

id.'al. , . . 

In the plcctrodvnnniic of incii'UM'rni’nt Uic iimlual nclicjn liHwirn 

twn „r morn coils carrviiiK current lake. Il.e form of a tor<,iie, as in electro- 
■K nainometers, or a direct force, as in current ivei^liers. In electrodynamoino- 
ters, the loroue niav be measured ivilli a l.ililar sus|,ension, the torsion of a 
Hire or s,)rinK, or by means of a gravity balance, (.-iirrent weiuber measure- 
ments are almost always made by direct e.miiiarison with Kravity, wdiicli is 
believed to be constant, and i- known to a higher degree of accuracy than the 
Strengths of any magnet or magnetic field that has yet beim measured. 

> PnK. Roy . 207. KM (lUOS). 
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Shortly after the absolute system of units was devised by Gauss and Weber 
in 1832, A. Becquerel weighed the attraction between a coil and a magnet; and 
two years later Lenz and Jacob used and modified Becquerers balance by 
arranging a coil and magnet at each end of the beam. In 1840 W. Weber 
determined the electrochemical equivalent of water, using the tangent gal- 
vanometer as his instrument for measuring current; and in 1843 similar meas- 
urements were made by Bunsen and by Casselmann, followed in 1851 by Joule. 

Meanwhile W. Weber had, in 1846, invented his two forms of electro- 
dynamometer, one with the suspended coil inside, and the other with this coil 
outside the fixed coil, and he measured the torque with bifilar and unifilar 
suspensions. 

The first current weigher appears to Imve been constructed by Cazin in 
1863. In 1864 Joule made a current weigher having three circular flat coils 
w'ound with copper strip, one being suspended from a balance, so that its mean 
plane, which was horizontal, was midway between those of the other two fixed 
coils. This instrument had the correction to it.s principal constant determined 
by comparison with a standard tangent galvanometer, and was employed in 
Joule’s electrical determination of the mechanical equivalent of heat. Its 
object was to enable a con.stant current to be maintained through the calorim- 
eter, independent of variations in the earth's magnetic field. 

The subject attracted considerable attention from this time onward, as is 
evident from the rescarehes of Latimer Clark,' Kohlrausch,^ Mascart,^ Lord 
Kayleigli ^ and Mrs. Sidgwick,** Grav,® Pallet and Potiers,’ Heydweiller,* Kahle,® 
Jones and Ayrton.'® More recent determinations arc due to Paterson and 
Guthe" employing a torsion electrodynamometer and to C.uthe'* (1906) 
using a modified Gray electrodynamoineter. 

The current balance of Ayrton, Mather and Smith may now be described. 

The instrument consists of a very sensitive pliysical balance supporting a 
coil with vertical axis from each end of the beam, the.se coils hanging coaxially 
within fixed coils carried from the base of tlie balance. A diagrammatic 
sketch of the arrangement is sliown in Fig. 1. 

From the diagram it will be .seen that the current flows in opposite directions 
in the upper and lower parts of the outer coils. On the left-hand side of Fig. 1 
the current in the upi)er half of the outer coils flows clockwise (looking from 
above) and in the lower half counter-clockwise, whilst in the left-hand suspended 

' Prw. liny. Soc., May 30, 1872; Phil Tmni . 1S71, Part I. 

’ Poyo. 170 (1873). 

Kluur. dr Phya., (2) 1, 101) (1882). 

*Ii. A. Report, p. 145 (1882). 

“Phil. Tram., 17.5, 411 (1884). 

“Phil. Mag., 22, .339 (1886). 

’ Jour, dc Phys., VI, 175, and IX, 381 (1890). 

» ]yird. .4iin., 44 . 533 (1891). 

» irad. .Inn.. 59, 532 (1896). 

H. -4. Report, llristol, 157 (1898), Jonr. In.d, KUr, Eng., 35, 12 (1905). 

" PhiiH. Rev., 7, 257, 1898. 

Phy«. Rev., 9, 288, 1899. 
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coil the circulation is shown clockwise. The tendency is, therefore, to lift the 
suspended coil SL. It will also be i^een that the outer coils on the right will 
tend to depress the suspended coil SR, so that the two sets of coils exert a 
clockwise torque on the beam. Thi^ torque is balanced by \s eights added to or 
taken from scale pans supported independently on the knife edges which carry 
the suspended coils, an arrangement which avoids displacement of the sus- 
pended coils when the weights are placed <»r removed. 



All the coils are wound witli bare wire on lu)llow marble cylinders, having 
double-threaded screw grooves cut on tin* surfaces, into which separaln wires 
are laid as shown in Fig. 2. In thi.s figure one wire is iiniioated by two thin lines, 
and the other is shown thick. The two wire-, hereafter 
distinguished as No, 1 and No, 2, form two adjacent 
helices W’hich, in the use of the in'>-trnment, are connec- 
ted in scries and act as one coil. 'I'hev cai', however, 
be readily disconnected from each other and an insula- 
tion test made between them. This ai»|)li(‘s to each 
of the six coils forming the current wiugher, arrange- 
ments being made whereby the six No J wires may he 
connected together, the six No. 2 wires similarly 
grouped, and the insulation between adjaeioit wire.s of 
the wdiole instrument tested .simultaneously. Any leakage betwi'cn the two 
adjacent helicc.s can thu.s be readily delected and localized and remedied. 

Each of the fixed cylinders carries four helices, two upjier and two lower, 
and each suspended cylinder two. There are (herebtre twelve helices in all, 
and these are connected in series, in the normal use of the curnuit weiglier, by 



I lo 2 , Mi'UkkI of 

AVimliiiK ('oils 


means of small concentric cables running to a plug boani and eonimutators 
outside the balance case. Flexible connections arc used as leads and returns to 
and from the suspended coils. The c«mumitators enable the direction of the 
current in any coil to be changed at will. By reversing the current in the coils 
on the fixed cylinders the forces between the fixed and suspended coils are 
reversed, and the apparent change of weight thu.s produced is a measure of the 
square of the current used. 
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The same current weigher was used by Smith, Mather and Lowry in their 
exhaustive investigation of the silver voltameter. They were thus able to 
measure their current in absolute units and concluded that their measurements 
and results were reliable to 2 parts in 100,000. They found that the ampere 
current deposited .00111827 gram of silver in one second. This is the amount 
of silver deposited by a coulomb — an ampere per second. Now, if we divide 

107 88 

the eciuivalent weight of silver by their figure, ^^>^71 coulombs 

,()()1 1 IS 

per gram eciuivalent, which would be the same for the equivalent of any ele- 
ment or for any chemical reaction. This (piantity is a fundamental con.staiit 
of electrociiemical action and is known as the Faraday, 

(lUthe {lov. rit.) summarizes the theory of the use of the electrodynamom- 
eter in th(!se words: “ As was first pointed out by Gray the expres>ion for 
the tonpie between the two coils of an electrodynamometer assumes a .simple 
form if the dimensions of both coils are cho.scm so that the length and the radius 
are in the proportion 3 : I, if tlu'ir c(Mit(*rs coincide and, finally, if the dimensions 
of the fixcal coil are large in comparison with those of the movable coil. Under 
tlu'se conditions tlu' exprc.ssion for the torcpio between the two coils with their 
axes at right angh'.s to e.ach other becomc's 


T = 


47r‘.Var 


where N and v are the number of turns in the stationary and movable coiN. 
1) and L the diann'ter and length of the stationary, r the radiu> of the movable 
coil, and I the current, expres.sed in e.g.s. units.” 

Previously many determinations of the current have been made in .absolute 
units and expre.ssed in weight of silver per coulomb. 


MuHOiirt 

1S84 

MilliKnnns 

1 ll.'Oi 

Kohlran.scli 


1.11S;J 

Unylciafi hihI Sulnwiok 


1.1170 

Pallet and Putiers 

1S90 

1.1102 

Kulde 

1M)9 

1 iis;i 

Palcr.son and ( luihe 

ISOS 

1 1192 

Pallet and Hediie 

10(W 

1 1182 

(lUthe .... 

looa 

1.1182 


These determinations were made by the use of the tangent gahuvnometer 
and the electrodynatnometer. It appears therefore that our knowledge of the 
current in absolute units is satisfactorily known. 

The Measurement of Electromotive Force: C’ongresses have defined the 
ampere as that unvarying current which deposits 0.001118 gram of silver per 
second in a coulometer of definite specifications. A perusal of the work done 
on the coulomb indicates that, for high precision, one must use exceptional 
facilities and great experimental ability. Attempts have therefore been made 
to develop units of electromotive force ami with somewhat more favorable 
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results from the standpoint of practical inea.-'Ureinents, .vince standard cells 
mav be constructed which arc satisfactorily reproducible. A voltaic cell is a 
combination of metallic conductors or elect nales j<tined by an electrolyte and 
the possible reactions at the junctions of the eh'ctrolvte and metallic conductors 
furnish the electromotive huce and the current From the standpoint of 
thermodynamics a definite chemical reaction should give a detinite electro- 
motive force to the cell. It i^, ho\\e\er. not (tnly the jHirely chemical reactions 
which take place at the eh'ctnxh-., but all other channes occurring that take 
part in the generation of current I'or example it would seem that two jier- 
fectly Imro jiieces of silver in a uniform ^iher nitrate* solution should give zero 
pote'iitial and no current when joiiu'd externally, but this is ni>t so, though 
the chemical reaction^ at the ele'ctrode*" mu>t lx* the same. It is ge'iierally 
found that two pieces of siher fnun the same pure silver wire show an e'leetro- 
motiv(‘ force when ojijioscd in an\ sihcu' sdhition Pri'sumaldy, there are* 
certain strains or ])hysical difTen'iices whi<*h account for this, sima' annealing 
the electrodes causes the (deetromo|i\e force to diminish markedly. Soft 
metals show better agreement than hard mrlaK Pure mercur> electiodes 
show the best agreeim'nt, and amalgams are imtre satisfact«)ry than metals in 
this respect In gem'ral a liipiid electrode is necessarv where precision and 
reproducibility are required. The ohl Daniell ci'll, amalgamati'd zinc in zinc 
sulphate, copper sulphate, copper, 

Zn Hg ZnSOjacj ( ’uSO, a<i. ' (’u, 

was long a working standard, but it <lid not have the coiistanev or r(‘|)roduci- 
hility demanded by the i)recision possible in eh'Ctiieal measiiremmits A 
much more reimKluciblc ami constant cell was proposed by Latimer ('lark m 
1S72. The ('lark cell was compose<| of a negati\e poh* consisting of an amalga- 
mated zinc ('lectrode in a saturated zinc sulphate .s(»!ution, and. for tin* iiositivr 
p(»le, mercury covered with mercurous sulphate in zinc .sulphate s, Til ion, The 
meicury constitutes a liquid (‘lectneh*. and the /me amalgam is also (>ssenliallv 
a li(|uid electrode Thus. maii\ sources of irregularity were elimmat.Ml, This 
cell gave a voltage of I ITl \olts at lb dogtees, but dirninished bv about 0.001 
^olt lier <legree Ix'tween lb and 2b .legn-.- \ rigid temperature control was 
therefore necessarv. Ldwanl Weston in LS02 found that, by n'placing zinc 
bv cadmium throughout, a cell was obtained with a temperature coefficient only 
about one thirtieth of that of the Clark cell In fact, by rejilacing the crysialK 
of cadmium .sulphate and the .saturated .soluti.m by an unsaturaled solution 
of cadmium sulphate of a definite strength, an unsaturate.l c(‘ll .,f jiractically 
no temiierature coefficient for ordlnar^ temperatures was obtained. Wliile 
this cell has not the reproducibilitv of the saturated cell, it is reasonably con- 
stant and may be calibrated and thus compared with manganin resistanccH a.s 
a working standard. 

Like the coulometer, the standard cell has received a great deal of attention. 
The investigations have shown that the. materials used in the cell and their 
assembling need very precise specifications In the (dark cell the negative 
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electrode seems to be perfectly reproducible and constant. Zinc amalgam, 
amalgamated zinc and pure zinc all seem to have the same potential in the 
zinc sulphate solution.' A 10 per cent amalgam has generally been employed 
with a fused-in platinum wire as contact. Fig. 3 shows the usual form (or H 
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cell) provided with suitable lead wires soldered to the fused-in platinum wires. 
This cell may be immersed in an oil bath where the temperature remains con- 
stant and can be rigidly controlled. 

Freshly prepared colls were ob.‘<erved to have a higher electromotive force 
than seasoned cells from the .same materials. The trouble was found to be 
in the cathode or mercury leg of the cell. Zinc suli)hate is a very stable and 
reproducible salt, but tins is not so with the mercurous sulphate used to cover 
the mercury as a depolarizer, for this salt r(‘adily hydrolyzes. In assembling 
the cell it was customary to wash mercurous sulphate with water, nii.\ with 
zinc sulphate crystals and a saturated solution of zinc sulphate to form a 
paste. This procedure inevitably left some basic salt in the depolarizer and 
it was this salt which was responsible for giving the cell its initial high value. 
The fir.st attempt to exclude the basic salt in preparing the mercurous sulphate 
and to exclude it in assembling the cell was made by C'arhart and Ilulctt.® 
These jmecautions j)ermitted the construction of cells which showed their 
normal electromotive force immediately a definite temperature was obtained. 
The cells also agreed among themselves to 1 part in 100,000. Equally satis- 
factory results were obtained with the cadmium or Weston cell. 

The reproducibility of the standard cell invites a detailed consideration 
of the mechanism of the changes that take place in them when the current 
passes. In the (’lark cell, the negative or zinc electrode is usually 10 per cent 
zinc amalgam which is a two-pliase electrode, nuule up of zinc and saturated 
liquid amalgam wliich contains 2.22 per cent of zinc at 25°. It is this liquid 
amalgam which controls the potential of the electrode, as amalgams with less 
zinc give le.ss potential, according to the Nernst logarithmic relation.^ Evi- 
dently the two-phase amalgam adjusts itself to equilibrium very rapidly and 

‘ Soe, however, Cohen ami von Cirimmeki'r. Z. phn-^tk. Chrm . 75. 1:17 (1910). 

* Tram. /Iw. fJlectroehnn. StK., 5, o9 (1904) 

» J. Phyif. Chan., 14 , 15S (1910). 
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exactly on change of temperature; so, tlii> elect rotlo is very reproducible and 
stable. The potential of the zinc electrode also varies with the concentration 
of the zinc sulphate in tlie electrolyte, but here again tlie solid zinc sulphate, 
maintains a saturated solution wliich also gives a detinite, re- 
producible concentration for each tem])erature Nor does it appear that 
traces of impurities have a measurable effect on this electrical potential. The 
reaction that takes place on the pas-age of the curnuit is the formation of 
ZnS 04 , and this is the main energy change in (he cell. As will he subsequently 
discussed, the ZnS 04 formed changes to the hydrate ZnS()4.7H>0. 

In the positive or cathode leg of the cell there is a solution saturated with 
respect to zinc 8uli)hate and also with respect to mercurous sulphate' in contact 
with the mercury electrode. The concentration of mercury ions in the electro- 
lyte seems to be the controlling factor, ><», attention has been directed to the 
purity of the mercurous sulphate which controls this concentration. Tlie 
solubility is small, so that a slight variation in the purity or iiropertics of the 
mercurous sulphate makes a measurable \ariation in the concentration of tho 
mercury ions in the cathode leg and so in the voltage of the cell. The reaction 
that takes place at this electrode on the pav^age of the current is tlie decom- 
p<.sition of mercurous sulphate. A most iirecise and satisfactory insight into 
the workings of this cell has been formulated by means of a thermodynamical 
study.’ Since the voltage in ab.solute umt.s ami the tempi'rature coofticiont 
are so accurately known, the Gibbs-Helmholtz relation is most suitably applied: 


where MI = the amount of heat energy ab-orbed, » - the valence and F ~ 

the Faraday. , , , , .1 i 

In calculating the chemical energv by the um; of this formula and the ob- 
served values of the cell a discrepancy of some 4000 cal. was found on as.sunung 
that the reactions were the formation of ZmSO* at the anode and the decom- 
position of IlgoSO^ at the cathode. lIowe\er, one must consnler that the 
ZnS 04 formed at the amale was anhydrou- ami would inti'ract with the solu- 
tion, combining with the water to form ZnSO. TH.O.and that removing water 
from the saturated solution would cause some of t he .salt t.| cry.stalhze out. I oth 
these changes are accompanied by marked thermal changes. ^V hen hese 
were determined and taken into account, the agreement between the calculated 
and observed values was most satisfactory, so that our knowledge of the re- 

action at the electrodes in this cell is quite complete. 

The Weston, or cadmium, cell is very similar to the Clark cell in many 
respects, but the cadmium amalgam used as the anode is not us .simple as the 
zinc amalgam. It was found by Bijl ^ and Paschen > to be a much more corn- 
plicated svstem. Cadmium amalgams of between .> and i:, per cent of cadmium 


' E. Cohen. Z. phy‘iik. Chert}., 54. 02 1 1000). 

* Z. phyitik. Chen., 41 , 641 (1902). 

* Z, anorg. Chem., 36, 201 (lOO-D- 
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at ordinary temperatures consist of a liquid and a solid phase. The solid pha -e 
is not cadmium, but an isomorphous mixture of cadmium and mercury, which, 
however, has a very definite composition for each temperature and yields a 
very definite and reproducible liquid amalgam for any ordinary temperature. 
In fact, the potential of the usual 12 per cent cadmium amalgam against a 
saturated cadmium sulphate solution is most satisfactorily constant and repro- 
ducible. Tests on old cells which have changed in voltage have always shown 
that the amalgam potentials were entirely normal. The anode potential depench 
upon the concentration of mercury ions in a saturated cadmium sulphate solution 
surrounding the mercury anode and this has been found to be a complicated 
system. The main reactions in the Weston cell are the formation of CdS 04 
at the anode and the decomposition of the ng 2 S 04 at the cathode, and tlie 
dilTerence in the heats of the.se two reactions furnishes the bulk of energy of 
the cell. Profiting from the experience with the ('lark cell, one must consider 
that the anhydrous cadmium sulphate formed at the anode will remove water 
from the saturated cadmium sulphate solution and cause a crystallization of 
some ('dSO^.S/llH'iO. Both of these changes are accompanied by measurable 
thermal changes and contribute to the energy of the cell. These heat reaction> 
were taken into consideration by ('oheii * but even then the agreement between 
the sum of all these heat changes and the electrical energy was unsatisfactory. 
The calculations had been based on the heat of formation of cadmium sulphate 
from metallic cadmium. But, in the cell, the cadmium. sulphate is formed from 
cadmium amalgam and it was shown that some energy is required to remove 
cadmium from the amalgam. For, the potential between cadmium and cad- 
mium amalgam opposed to each other in a cadmium sulphate solution is con- 
siderable. By using the potential of such a C(‘ll and its temperature coefiicient 
it was possible to allow for this energy difference which was over 5000 cal. 
The agreement between the thermal data and the electrical energy of the cell 
was then most satisfactory. Here again therefore the thermodynamic treat- 
ment lias given a clear insight into all the changes that take place in the cell. 
In the ('lark cell, the amalgam has the same potential against a zinc sulphate 
solution as has pure zinc, so there is no c(>rrection needed for this factor in 
calculating the energy of the Clark cell. 

Many other combinations have been con.sidered for standards of electromo- 
tive force, but nothing has been fouml to compare in reproducibility or con- 
stancy with zinc or cadmium cells. It has been pointed out that metals in the 
solid state are not suitable for constant electrodes, .so that mercury is pre- 
eminently fitted to be one of the electrodes in a standard cell and a liquid amal- 
gam must form the other. In order to secure sufficient voltage, the base metal 
chosen must be as far removed as possible from mercury in the voltaic series. 
It should also exi.st only in one stable state of oxitlation. The metals that best 
satisfy these conditions are zinc and cadmium. The depolarizer which covers 
the mercury must be a salt of mercury. It should not have too great a solu- 
bility, and must^^be well defined phy.^ically and chemically, so as to yield a 

‘ Z. physik. Chem., 34, 012 ( 1900 ). 
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rigidly definite concentration for each temperature. Of tlie salts of mercury, 
mercurous sulphate seems mttst nearly to meet tho'^e recjuirements. If the 
depolarizer is a sulphate, the salt of the ha'^e metal \Nhioh furnishes the solution 
must also be a sulphate. It therefore appears tliat the choices are decidedly 
limited and it seems improbable that other c»unl)inations as .suitable as the 
Clark or the cadmium cell will be found. rh(‘.''e two celb haNe shown a re- 
producibility of one part in ten tliousand and tliere i.s .some eviilenee to slutw 
that the Clark cell i.s the more constant of the two. The cadmium cell has 
.shown more tendency to change with time, some cells of every set decreasing 
to low' values and becoming useless a*' standards. An extended investigation* 
of this phenomenon showed that ''ome chemical cliangt*. prolialily a slow' hy- 
drolysis of the mercurous sulphate, takes pluee in the cadmium sulphate solu- 
tion. It appears to be a very .slow reaction, though i»robabIy more rapid at 
the mercury electrode and .surfaces. The essential facts are that if the content 
of the cathode system of the cell. Hg^SOi. hydrated cadmium sulphate, satu- 
rated solution and mercury, b(‘ thoroughly stirred, the voltage of the ci'Il 
increases by about two millivolts. If the solids are now allowed to settle on 
the mercury electrode, the voltagi' of thr <'<‘11 decnai-es singly with time, but 
does not stop at the value ordiiiarilv obtained for tiu' cadmium c<'lK, but de- 
creases to mucli lower values 'I'lie Clark cell sccuiis to be (piiti* free from thi'.se 
def(‘Cts. It therefore seems probable that c.idmmm sulphate sh»wiy hvdrolvzes 
the mercurous sulphate ami eipiilibimm is not obtaim'd in the cathode system 
of the cell. However, a set of (‘;)dmmm sulphate cells made with proper pri'- 
cautions should agri'c t<> nm' or two parts m HIO.DOO, .and many ol these 
remain constant for vears It is m'cesvaiv to makt' new sots at interv.als as a 
check on the old cells .More woik is maalrd t(» di-co\er the ex.act iiatun' of 
the changes which take' place. A ('lark c<*ll while free fioiii thesi* defects has 
a much greater temjierature coidlicient and the cell shows a tendmicy fnr the 
glass to crack when' the platinum h'ad wires are scaled in to make contact 
with the zinc amalgam d'his crackinu i- piesiimabh due to an alloying of 
zinc with platinimi, lesiilting in a change of \olume 'I'his factor has generally 
ruined some ci'lls of e\ery set. 

International electrical congresses ha\e d(-\oted much attention to tin* 
cadmium or Weston standani cell on .aci-ount of its h»w tfunperat lire coetlicicnt 
and favorable characteristics An important inti'rnatmn.al conference was 
held in Washington at the National Buieau of Standards in ItllO with rejire- 
scntatives from Ivngland, hrance and (lermanv pre'cnt. Not only were the 
outstanding faults of the siKer coiilometer and the standard cells considered, 
but a considerable amount of experimental work was done on these problems 
and published in the Report to the International Committee on Klectriciil 
Unit.s and Standards, Dejit. of Commerce and laibor, Bureau of Standards, 
January 1, 1912, Specifications for the si|\er couloineter are considered and 
the value of the electromotive force of the Uesfori standard cell, as based on 
the coulometer, was given as l.OlS.'i volts at 2(C. From invest igatioriK pre- 


Phys. ficr., 27. 3.t7 (KKIS). 
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viously carried out and work done at the conference, a reproducibility of 1 or 2 
parts in 100,000 would seem to be obtainable, although there are still outstand- 
ing problems of divergencies with both voltameter and the standard cell. 

The value of the electromotive force of standard cells in absolute units has 
been determined many times. The constant current has been determined by 
the electrodynanK)meter or the ampere balance, or has been based on the 
silver coulometer. When such a current passes over a known resistance there 
is a conventional fall of potential of 1 volt per ohm, the international volt 
being so defined and measured. The conventional value of the Weston cell 
was found to be l.OlSil volts at 20° and the change with temperature of these 
cells has been carefully determined by Wolf and Waters* as follows: 

El = - .0()0()40r)(« - 20) - .00000095(< - 20)2 - .00000001 (« - 20)3. 

For very precise work one must employ a thermostat capable of holding the 
temperature constant to 0.01°. As standard cells often take a considerable 
time (days) to attain their proper value at a given temperature, it is found 
necessary, for most precise work, to construct a number of cells and place 
them in a thermostat which would keep them constantly within 0.01° of a 
suitably chosen temperature. This is quite possible with modern thermostats = 
so that it is possible for the different laboratories to establish voltages which 
agree most satisfactorily. This is sh(>wn from the report of the meeting of the 
International Committee at Washington, 1910. 

With this basis, precision measurements may be made of any other electrical 
quantities. The determination of voltage is accomplished by the zero, or 
Poggendorff method, where the standard cell is oppo.sed to a fall of potential 
over known resistances (Fig. 4). The current from the battery, B, is passed 

over a resistance, AC; a shunt joined 
at A includes the coll and a sensitive 
galvanometer, G, and is joined to the 
resistance with a sliding contact, X, so 
that the electromotive force of the stan- 
dard cell opposes the fall of potential 
over AX. The galvanometer, C, indi- 
cates the point at which there is a bal- 
ance, and, if calibrated resistances are 
u.scd, one knows the fall of potential over 
each ohm in the circuit. Supposing the cell is a Wo.ston standard at 20° with an 
electromotive force of 1.01830 volts and one makes AX = 10,183 ohms, ad- 
justing the resistance XC until balance is obtained; the potential fall over each 
ohm is exactly .0001 volt and it is readily seen that, using suitable resistances, 
such a method is capable of measuring voltages greater as well as less than the 
standard cell. The accuracy depends upon the accuracy of the resistances and 
the sensitiveness of the galvanometer. Perhaps no other physical measure- 
ments made are a.s accurate or satisfactory as those made by the compensa- 

* Btill. Bur. of StandanU, 5, .‘^09 (lOOS). 

Her., 32. 270 (1911). 
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tion potentiometer method. It is a simple matter to measure aecunitely the 
voltage of any other cell by putting it in place <>f a standard cell, once the fall 
of potential has been determined. The Wevtim unsaturated cell is calibrated 
in this way, and then used as a working standard; it is, of course, necessary to 
maintain a steady and uniform current from the battery, /f, through t lie circuit 
and this is tested from time to time by means <»f the standard cell. 
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CONDUCTANCE, IONIZATION AND IONIC EQUILIBRIA 

HY J. H 1*\HT1N(;T()\. DSc. 


Piof( of ( h> uii.'-ti I/, h'l.'it l.oinlott f 
I ' mt > I siti/ of I,, )ji, Ion, I,o)nlon. Pnijlond 


Almost iiimuHliiitcly iiffcr tlio i\\^cn\m-y nf (lie Voltaic pilo.' Nicholson nml 
Carlisle 2 (leC()ini)ose(l wntc-r hv a current from the pile pa^vmii l)c(\\(‘cn plati- 
num and sold wires immersed in that luiuid. Cruickshank^ at the saim* time 
showed that nudallic salts could lx* d('composcd hv the pile, and that dunns 
tlu* decomposition of \\at<'r tlx* Inpiid hecaim* alkalim* around one wire and 
acid around the other. 'Phis puz/lin.s n-iilt wa^ tiiM e\pl;iine<l hv Humphry 
Davy/ who hesan experiment^ with the pil(« in ISOO, and showeilthaf decom- 
positions could b(' ctTeeted in ditfeient \e''''els proxnled th('>(' were conneclod 
hy strijis of moist animal or \t‘setal>le sul>.vt:ince'-. a''he-tos, ,,r even th(> two 
hands of the expm'imenter.^ in a careful ie>eaicli. rained out in isoh, Davy 
showed * that the acid and alkali were produced fiom impuriti(>s in the water, 
and that “water, chemically pure, i^ decomposed hv elect ricitv into saseoiis 
matter alone, into oxvsen and h\drosen ” He found that “ aci<l^ could he 
passed throu^:h alkalim* solutions and nri cmw?, and that appaiently in^'oluhle 
.substances, when moist, were decompose(| hv the I'lcctric curient His I'xperi- 
ments convinced him of th(‘ ^reat d('compoMii« power of the pile, and le<l to 
the isolation of the alkali metals D.aw never laid any .veiioiis tlu'ory (»f the 
piienomena oh.seiwed, and Far.aday later on lemarked ' that “probably a 
dozen preci.se schemes of electrochemic d action mijiht he drawn up, dilferinn 
essentially from each other, yet ail a^n-einn with tli(' statement there jiivmi” 
[hy Da\y]. 

After a period of mvstilication it became clear th.at voltaic electricity was 
fundamentally the same as frictiomd electricitv, .as liad all along been main- 
taipied b}' Volta, and this was proved by experiments of \\'olla''ton,’* who 
showed tiiat the effects jiroduced by each were the same, and in particular that 

' Phil. Trims., 90, 40.'^ (ISOU), Hinla, Volta e la ;al:i. Coiiio, ISUU 

* Xicholsim's J., 4, 179 (ISOO). 

^ Ibid., 4 , 1K7 (1800;; Hetin,', ibid., 4 , 22.'! (I.MKI; 

* Phil. Trans . 97, 1 (1807): Work.-*, rd. J. I law, vol. i». 1. 

‘ Xicholson's J , 4 , 294 (1800); Works, 2, i:<9. Ph,l Trans., 91, .W (1801) 

^Phil. Trans., 97. 1 (1807). Works. 1 

'Phil. Trans., 123, 084 (18;j;j). Kxjx*ruin-nlal .Scne>* .7. p. I.'IO 

* Phil Trans.. 91, 427 (1801) 
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frictional electricity could produce chemical decomposition. Water had 
previously * been decomposed by sparks by van Trostwyk and Diemann, but 
in this case both gases were evolved from each electrode. In 1802 Erman 2 
showed that the voltaic pile could affect a gold leaf electroscope. Any re- 
maining doubts were set aside by an elaborate research by Faraday,* who 
realized clearly that the only difference between the effects produced by fric- 
tional and voltaic electricity was due to differences in quantity and intensity 
(voltage or potential). The frictional machine produced a very small quantity 
of electricity at high intensity, whilst the pile or battery produced a much 
larger quantity at a much lower intensity. The distinction between quantity 
and intensity, so fundamental in the study of electricity, was first made by 
(’avendish.* 

Systematic researches on the decomposition of dissolved substances by the 
electric current were made by Hisingcr and Berzelius in 1804.® They showed 
that acid or halogen always a])peared at one pole, and alkali, metal, or hydrogen 
at the other. The products of decomposition appeared only at the poles. 

Conductors and Non-Conductors: The distinction between conductors and 
non-conductors of electricity was first made experimentally by Stephen Grey * 
(1728- 173()). The names were first used by Desaguliers in 1739.’ Good con- 
ductors are metals, many sulphides such as galena and pyrites, aqueous solu- 
tions of acids, bases and salts, fused salts, and water when not perfectly pure. 
Bad conductors, or insulators, are dry solid salts, metallic oxides, ice, some 
metallic compounds, such as SnCU, AsCls, Hgl 2 , AS 2 S 2 , and As2S3,*^ niost non- 
metallic elements, pure water, most organic compounds, mica, and glass, all 
at the ordinary temperature. A large number of substances were examined 
and classified by Hampe.^ 

A curious relation between conducting power and optical properties was 
pointed out by Maxwell:'® transparent substances are usually insulators. 
Light, according to Maxwell’s theory, consists of electromagnetic energy, and 
if the substance tlirough which it passes is a conductor, the electric displace- 
ments in the light wave generate electric currents in the material, which are 
dissipateil as heat and thus the light is extinguished. Metals, which are 
opaque to light, are good conductors of electricity. In insulators, the electrons 

' Qrcft's J., 2 , lao (1790): (*f. HtroiiK, Amer. Chem J., 50, 21.3 (191.3). 

Hhlb. Ann.. 11. 90 (1802). 

»Phil. 7Va/i«., 123, 23 (1833), Kxpt. Uo,s., 3d Scries, p. 70. 

*Phil. Tnxm., 66, 190 (1770), Colloctod Papers, od. Maxwell and Larrnor, C'ainbri«||e, 
1921, vol. 1, p. 200. 

‘ .4nn. Chim., 51, 107 (1804). 

• Priestley, History of Klootrunty, 2d edit., Ijoiidoa, 1709, p. 2o. 

’ Piiestley, ibid., 02, on early history .see J. C. Fischer, Geschichte der Physik, 8 vols., 
Gotti ngeu, 1801-1808. 

• Faraday, Phil. Trans., 123, 507 (18:13); Kxpt. Res., 4th Series, 110 ff., 7th Series. 201. 

*Chau. Z., 11. 54 (1887); 12, 1 (1888); Lorenz, Dio Elektrolyso geschmolzener Salze, 

Halle, 1905-0 : 3 parts; part 2, p. 182. 

Treati.sn on Electricity ond Magnetism, Oxford, 1892, vol. 2, p. 446; Jeans. Electricity 
and Mjvgnetism, Cambridge, 1911, 5.34. 
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are bound and there are only displacements, not motion, of them, whereas in 
conductors the electrons actually move. Good metallic conductors are also 
good reflectors of light. ^ An apparent exception to the rule is exhibited by 
solutions of electrolytes, which are good conductors yet are transparent. In 
this case, however, the electricity moves in connection with material particles, 
the ions. 

Classes of Conductors : Early experimenters, such as Davy, noticed that 
conductors could be divided into two classes: (i) tlm.^-e in which the electricity 
moves w’ithout producing chemical changes; (ii) those in which chemical 
changes always accompany the pas.sage of the current. Metals are tyi)ical of 
the first class, called metaUU' comhiclors. 'I'hc second clas.s comprises what 
are called, following Faraday,^ dtrtroliiU .'i, or tJictrohjiir condiictorfi. Davy ^ 
noticed that the conductivity of metals diminishes with rise of temperature, 
whilst Ohm^ found that of electrolytes to increase. Garbon is the principal 
exception to this rule: it conducts metallically but its c(*nductivity increases 
rapidly with rise of temperature.* Silicon also shows tliis iieculiarity.® Tel- 
lurium shows first an increase up to 70 8(F, then a decrea.se, in conductivity 
with further rise in temperature.^ The ease of .selenium, the resistance of 
which varies on cxpoNiire to light, ^ is well known, .^ome sulpliides conduct 
metallically and otliers electrolytically, both .s(>lid and in the state of fusion. 
The latter increase in conductivity with rise of tenpierature.'’ Some peculiar 
results were noticed iiy Ilittorf.’*' The conducti\ily of co})j»er sulphide is 
increased by traces of free sulphur and the conductivity of tin' native sulphide 
depends on free copper. Silver suljihide apiie.ars to conduct nudallically be- 
cause of the formation of fine thread^ of silver. 1 la' '•upposi'd iiK'tallic con- 
duction of fused silver halide^' is also diK* to thicads uf silvi'r stretching from 
pole to pole.” 

Unipolar Conduction: A peculiar cla''-' of condin’tois are those known as 
uvipolur, which allow I'lcctricity to j);i'-s from oiu' clectroile only. I'-rman'^ 

> N. H. CuinptH'll. Modern hleetmjil . < ' onhnduo. lun. 00 

2 F.xpt. lies.. 4th and .‘)th Sme.-, p 1 10. tlir n..i,.. i.. l.ilnrc iiilin.iu< ed in Sen.-, 7, p. 107. 

’F/u/. rrnn.s,. 111. l.'ll (IWl)- 

*Aun. Phy»tk, 63, dS‘) (ISII) 

‘Cf. Muraoka, Ann. Vkysik. 13. .iU7 (IsMl. > F 'nioinp-..n. h„m,irv /lutr.yn,', 22. 
021 (1H80); Dewar and Flennntr, Phil. M<’o , 34, .120 

' Le Roy, Compt. raid , 126, 211 (IWlSt. / hlik(,o,h,m , 5, O.'i (ISUS) 

M-lxiier, U’n/i. Ihr , 73, 2S.'» ils7m. F'‘nh<T and .Morgan, J. -bn <'han Snr . 22. 2.S 
(1900). 

•Siemens. Jnn. Pfn,ak, 159, 117 (1S70), .Sann.I.-r., ./. Phyr Chan., 4, 42:{ (1900). 

•Faraday, Kxi)t, Re,-.., ISiFl. 1th Senes, lit). IMS. 12th Series, 420, Karsfen. ylnn. 
Physxk, 71. 239 (1847); Bcetz, ihul . 92. I.'i2 (lH.il). Rellati and Lnssana, Alh H. Inst. VenHo, 
5, 1117 (18HH): Strointz. Ann. I^hysik, 19t). 171 (1902); Aht, ihul., 62, 474 (1897); Rrmin, 
ibid., 153, 556 (1874), 1, 95 (1H77), 4. 470 (1H7S). 19, .340 (1HS.3). II. Meyer, Jinhl. Ann. 
Phydk, 5. 199, Ann. Physik, 19. 70 (1HH3). Matteueei, Compt. rnui., 40. 641 (1S5.6); 42. 
1133 (1856). 

Ann. Phyaik, 84. 1 (1851). cf Frazov. .7. Kuhh. Phys. Chem. Soc., 51, 311 (1919). 

“ Le Blanc and Kerschbaum, Z. EUktrochnu., 16, <>80 (1910). See also followinn flections. 

^^Gdhert's Ann., 11. 149 (1802), 22. 14 (1800), for unijKilar conduction of flame* see 
J. J. Thomson, Touduction of Electricity throuKh Dases. Cambridge, 1906, chapter 9. and 
Bceker, Jahrb. Radimkl. Elektronik, 13. 1.39 (1916). 
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noticed that if wires from a battery are introduced into a piece of dry soap 
no current passes. If the soap is connected to earth, current flows to earth 
from the negative wire only. The positive electrode becomes coated with an 
insulating layer of fatty acid. If the soap is moist, this is dissolved and 
current passes between the two wires.^ The .same phenomenon has been 
noticed in solutions, and whenever electrolysis leads to the formation of a 
sparingly soluble, poorly conducting, substance, which adheres to one of the 
electrodes, unipolar conduction occurs. This is applied in the aluminium 
rectifier,* which consists of a cell in wdiich the anode is of aluminium and 
the electrolyte a solution of alkali phosphate, or borate, or a mixture of equiva- 
lent amounts of ammonium {diosphate and borate. In this way an alternating 
is converted into a direct current. 

Theory of Metallic Conduction: Metallic conduction differs from electrolytic 
conduction in the following particulars:^ (1) There are no products of elec- 
trolysis; (2) there is no polarization: solid electrolytes, e.g., barium sulphate, 
exhibit a i)olarization of over one volt; (3) a substance which dissolves in water 
without decomposition to give a solution containing ions will probably conduct 
electrolytically in tlie solid state; (4) the resistance of a pure solid conductor 
has a minimum value at some temperature, whilst that of an electrolyte 
always diminishes with rise of temperature; (.)) .selective absorption and 
emission in the ultraviolet and infra-red are exhibited by electrolytic conductors, 
whilst in the case of metallic conductors, absorption and emission are con- 
tinuous. 

The conductivities of some elements ((‘.g., Si and Ti) and compounds have 
been studied by Koenigsberger and Schilling,^ who found that a maximum 
conductivity was reached at a particular teinperature in each case, which has 
no connection with transition temi)erature, and is attributed to electronic 
dissociation. The conclusion that metals contain not only free electrons and 
positive ions, but also negative ions, was reached on theoretical grounds by 
JafTc,® the negative ions being regarded as associations of electrons with neutral 
molecules. On the theory of metallic conduction now accepted, free electrons 

‘ The explanation Kiven is due to Ohm. 

* The roetifyinn action of aluminium wa.i di.soovcred by Huff, Lich. .Om , 102, (1857). 

See al.so H. K. Norden, Z. Klrktrochem., 6, 159, 188 (1899); F. Fi.seher, Z. physik. Chem., 
48, 177 (190-1): Uoloff and Siede, Z. Elcktrochcm., 12, 070 (1900), other metals (Mj?, Ta, 
Nb, Sb, Hi, Zn, C\l) (lUnther-Schulze, Ann. Php'iik, 21, 9*29 (19t)0) (bibbonraphy) ; 22, 54.1 
(1907) ; 23,220; 24,4.3; 25,775 (1908); 26, ,372; 28,787 (1909); 34,0.57 (1911). Z. FMk^ 
trocfmn., 18, 120 (1912); .Inn. Physik, 41, 591 (1911); Hidxmivsky, Z. EUktiochem., 11, 
405 (190.5); Kistiakowsky, ibid., 14, 111 (1908), Foerster, Ebktrocfwmu' wiisunyer Ldsungen, 
1915, 170 ff.; biblioRraphy, Gtinther-Schulze, Johrb. liadimkl. Eleklnmik. 17, 1.50 (1921); 
Winthor, Phys. Z., 14, 821 (1911) (Mk, .AI, Zn, Cd, Fe, Co, Ni, Pb, 8n. Sb, Hi, Cu, .\k, Pt, 
An, Cr in KOU Aep); Weiser, J. Phys. Chem., 22, 77 (1918). 

* KooniKsl)crger, Z. Elektrochem., 15. 97 (1909). 

^ .inn. Physik, 32, 179 (1910); summary of recent work on motallie conduction, Meissner, 
Johrb. Rodioakt. Elektronik, 17, 2*29 (1920), For detailed account sec Graetz, Elektrizitftt 
und MaRuetismus, Leipzig. 19*21, Vol. 1. p. .597 (by KoeiURsberger). 

* Physik, Z., 13, 284 (1912); Kraus, PAys. Ret., 4 . 159 (1914), concludes that only a small 
fraction of the molecules of liquid mercury are ionized. 
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are supposed to carry the current, the positive ions of the metal l)einK im- 
mobile, or practically so. Other results lead to this theory, .such as the work 
of Tolman and Stewart,* who calculated the ratio of the effective ma.ss of the 
current carriers to the quantity of electricity carried. Tliis ratio indicates 
that the carriers are free nep;ative electrons The thermoionic emi.ssion from 
metallic wires at hi^h temperatures is aho in ^ood aj^reeiuent with the electron 
theory.- 

An early attempt at a theory of metallic conduct ion was made by lliecke,*' 
who assumed also positive mobile particles. In the theory of Drinle * the 
electrons in a metal are assumed to ha\e the .same mean kinetic energy as a 
gas molecule at the same temperature, and collisions betweam electrons and 
between electrons and metal atoms occur in the same wav as those between 
gas molecules. The conduction is e\|)l aim'd by the directive <'lTeet of the 
applied E.M.F. on the motion of the clectnms, which prcservi' their random 
motion unchanged. On these a.ssumptions, with c('rlain simplifications,* the 
conductivity of a metal can be shown to be gi\i'ii by 

K = {iK\l)l{'2yl2arm), 

(• = electronic charge, .V = number of umlecules per unit volume; 
/ = path traversed by an electron between two successixe collisions; T abMi- 
lute temjierature : //? = mass of ('lectiam; a i's a coii'-fant gi\(*n by the relation 
= aT, where v is the xi'locity of (he electron '• 1 hus: 

K = ,\\l,2mr. 

On the a-sum])tion of the classical kinetic theory we rei>lacc Oae- by {'^|2)kT, 
where k is Holtzmann’s constant, hence. 

By n .-iinihir calculalK.ii lli.' ..f tlioniKil conductivity is found t» 

be given by: 

0 = \\Uv, 

hence 

OIk = 307’A‘ =- '< c'"*"*- 


IIol I.omlini, lOlU 

tln‘()r,v wfiH put 


which is the law' of Wiedemann and I ran/.* 

‘ Phy^. Kcr . 8. 'J7 (lUlP). 9, lOt (1'>17). 

2 0. AV. Richardson, The Kinissittii of Kl<-< tri< ii\ 

.Irm. Physik, 66, .l.Vh 54.'. (1S9S). 

^Ann. Physik. 1, 5W> (1900); 3. 309 (llwilO. 7 t.S. (190.) tlw ^unc 
forward independently by J . 1 . 'riioinson, Happoils i ii <uiKrtH ntcrn.i , arn, 

‘ Cf. CanipWl. Modern Klectri. al Tlie(,r%. 191.3. |. 59 
Tf. Jean,. Elen.ricU.v and Maannlisn,. lull. „ .US'.; llu- votary 
impresaed E.M.K. U very .mall romparcl »Uh ,1m va uo of r. 11, 1 . br.n 
calculated from optical and thermoelectric conhlintl.. t is , un 

"Tf-’-ph "t Kirch., o« and 

Hau^imTnn. iW.'lJ, W. (ISSII. Jacaer and Mh. .t. „l<m. tccti. KeuMamtalt, 

3. 269 (1900); Lee.s. Phil. fTam., 208. 3S1 (1907). 
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The change of resistance with temperature is supposed by Schenck {ihid.) 
to be connected with the hardness of the metal. 

Although experimental evidence on the whole supports Drude’s theory, it 
is not free from difficulties. In the first place, the Wiedemann-Franz law is 
only approximate.^ The experiments of Onnes at very low temperatures (see 
p. 493) show that a state of super-conductivity” is reached before the absolute 
zero, when the resistance has practically vanished, and the resistance falls off 
more rapidly with temperature than according to the Wiedemann-Franz law. 
Again, the assumption of equipartition of energy between electrons and atoms 
would lead us to expect an additional 3/2* N^.k, where N^ is the number of 
electrons per gram atom, to the atomic heat of the metal, as compared with 
that of non-metals, which has never been observed. If we assume the number 
of electrons to be very small, the value of k would be too small, unless I is given 
improbably large values.^ Another serious difficulty is that the assumption of 
equipartition would lead to the result that metals should radiate according 
to the law of Rayleigh, whereas they actually follow Planck's law, especially 
at low temperatures (cf. Chapter XVI). Attempts to remove this difficulty 
have been made by Wereide ^ and Nicholson.'* The latter points out that the 
assum[)tion of equipartition enables tlie numbers of effective electrons in the 
atom to be calculated from the opticid constants, and these come out very 
near whole numbers. This argument has very little weight, and it has been 
generally recognized that the theory of equipartithm requires modification. 
Before discussing the newer theories brief mention must be made of the theory 
of Stark. ^ 

In this the valence electron.s arc assumed to be distributed symmetrically 
between the network of positive nuclei, lying on displacement surfaces in which 
they can move freely under an applied P.D. The number of transportalde 
electrons is independent of temperature and (in a univalent metal) equal to 
the number of atoms. At any given temperature the re.«istance is tletermined 
by the thermal vibration of the electric valency fields. The thermal vibration 
vanishes at the absolute zero, and there is then no resistance. The small 
conductivities of non-metals is explained by the a.ssumption that only a small 
number of electrons lie on displacement surfaces. Reduction in conductivity 
caused by foreign materials is a.ssumed to be due to disturbance of the symmetry 
in the displacement surfaces, brought about by a relatively small number of 
foreign atoms, the electrons and atomic spheres of which are assumed to have 
a different spacial arrangement. The valency electrons bind together the 
positive spheres, i.e., determine the cohesion, and Stark* has put forward 

‘ Lees, Phil. Trans., 208, 381 (1907); Moisitner, .Inn. Phy'tik, 47, 1001 (191o): cf. Lorent*. 
Pror. Amstmlani Acad., 1905. 

* C. F. Ueiche, " Quantum Theory,” Eng. trunsl. 1922, pp. 0.‘i ff. 

» Ann. Physik, 55, 589 (.1918). 

< Phil. May., 22, 245 (1911); Schuster, ibid., 7, 151 (1904). 

^Jahrb. Hadioakt. Elektronik, 9, 188 (1912); based on his valence hypothesis, ibid., 
124 (1908). 

«ni/8. 13, 585 (1912), cf. Credner. Z. physik. Chem., 82, 457 (191.3). 
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evidence in support of the connection between conductivity and plasticity. 

Wagner,^ by comparing the conductivities of metals in the solid and liquid 
states, finds ratios varying from 0.5 to 4.0. The number of electrons l>eing 
assumed constant, the change must be due to changes of mobility. 

Among the newer theories which attempt to get t»ver the difficulties before 
mentioned are those of Xernst,- Onnes,® Lindemann/ and J. J. Thomson. ‘ 
The formula of Lindemann show.s that at Idgh temperatures the si>ecilic re- 
sistance is proportional to the absolute temperature, whil.-^t at low temi)erature8 
it falls off proportionally to where h is Planck’s constant and k is 

Boltzmann’s constant = R'Nq. The existence of zero resistance at low 
temperatures is thus covered. Wien® discards the theory of cfiuipartition 
of energy altogether and assumes that the electrons move with a velocity 
independent of temi)erature, and that .V, the number of electrons per unit 
volume, is also independent of temperatun*. 'rh<’ variatioJ) of specific re- 
sistance is then determinefl oidy ))y the dependence of /. the mean free path, 
on 'temi)eratiire. Wien assumes a disfrilmtiou ..f ener^v among the metal 
atoms in accordance with Debye’s tlu'ory and linds 


r = const. X 


r*'"' i>(h 

.1 - > 


(, = .iM'cilio ri'.i.tniH’,,). 


In .some respects this tlieory is at a disad\antage Thus, d does not lead to 
a theorv of heat conduction witliout fresh assumptions. 

Moi-c recently Lindemann ^ and Haber Hiaxe m.ule the assumption tl.at 
the electrons in a metal, instead of lieing free t.. nmxe like atoms of gas, are 
bound toKOtboi' in a latlicr. «lurh in, no. ll.nM.Bb lln- nn.|al a rw,l 

>truduro. Two aa>uniption> am nia.lo (I) at .li-lama-. KmabT Ilian 

II, 0 atomic radius elodron- ami mn. (Ha' pail> of naUal atoms from w uel, 
nloctrons am removed) am altraelial a,-,-or,lmK to r'x 

whilst at distanees li'ss than a value a. Ha'.v ar,' i, •pell, "I hy a force X/ „) X 
being a constant;’ (2) .V, the numb,., of ,-l,e,r„ns per uml M-lume, / , • 
dielectric constant of the eh-ctroi.s, ami X, the ,'ondant of tl„. r,.puls,ve force, 
are related by the ecpnition 

(/)(.V, X) « ^(.V, />), 

where « and i are unknown functions. This probably rmluees to 

VX ’ -D •’ 


' Ann. Phyiok. 33. US4 (1910). 

44. 3(K> (1911)- 

* Commumcatwns of Ltydtn Loh., 133 (191 0. 

♦Bo-.. 44. 31(i (1911). 

> The Ccrpusralar Tlua,r., „f Mailer. !«„. < »l';, ; 

‘Ber., 46. 184 (19i:h. ef. Keesom. I’ky- 2.. 14. I.,» (I IM). 

^PXi7. 3/fig.. 29 . 127 (191o). t. « otk M91H) 

. Brr.. M. 606. 9«(. (.919), ef BXp.. H., 

• The experiments of Irunok and Hertz, vern. imu. r y 
14, 1115 (1913), render this assumption fairly plausi > e. 
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When a P.D. is applied, the electron space lattice ^ shifts as a whole through 
the atomic space lattice, the attraction of the more distant ions being counter- 
balanced by the repulsion of the inflowing electrons: “ in other words,” as Linde- 
mann says, “the electron .space lattice or crystal may be said to melt at one end 
and fresh layers may be said to freeze on at the other, when a current flows.’' 

If the limit of the action of the repulsive force of the ions, is less than 
Jrt, where a is the distance between two atomic centers, the electron lattice 
may glide unimpeded through the atomic lattice, provided the atoms are at 
rest or their vibration docs not exceed — Gq in amplitude. The latter 
condition corresponds to the super-conductivity of Onnes in the region of the 
absolute zero. As the temperature increases the atomic amplitude increases 
and resistance is offered to the electron lattice. 

Lindeniann does not enter into any detailed calculation, but a dimensional 
relation leads to 

r = 1 /k = p«/2,V-2/3X-i/2f;^ 

where p is the density of the electron lattice, and E is A being the amplitude 
of the vibrating particle and b the (piasi-elastic force holding the atoms in 
position. Similarly 

6 = 

a being the compre.ssibility and 6 the thermal conductivity. Thus, 
eiK = = const. X E, 

which is the Wiedemann-Franz law, since E is proportional to A, or T. The 
K'cond assumi)tion made at the beginning is necessary t(t calculate the value 
of the constant. The absence of an electron term (^l2)NokT in the energy of 
the metal is accounted for on Idndemann’s theory. Other theories have been 
put forward by Ilerzfeld,- Hauer,'* Orunei.sen,^ and others. CJrunei^en finds 
that the specific resistance of pure metals is at low temperatures a universal 
function of Tj^Vm^ where is the radiation constant = hik, and i^m the charac- 
teristic frequency. The ratio of resistivity to ab.solute temperature is propor- 
tional to the atomic heat of the metal. The variation of resistance with 
pressure confirms tin* view that the mean free path of the electrons is inversely 
proportional to the square of the amplitude of the vibrating atoms, which is 
in agreement with Lindomann’s equations. Beckman •’* showed that in many 
cases the change of resistance with pressure is in agreement with Gruncisen’s 
views. 

* Cf. Horn and KArnidn, Phj/s. Z., 13, 2U7 0*3 1-); !♦. 15. !>-> (1912); Horn, .tna. Physik, 
44, (iOf) (1914); Dynannk dor KristallKittor, Iknlm and LejpaiR, 1915; Roirhe, Quantum 
Theory, Eur. tr., 1922, p. 42. 

* On«. Physik, 41, 27 (1913). 

» Ibid.. 51, 189 (1919). 

*Ber. Dent, phy.9. Ges., IS. 189 (19i:i); 20. 59 (1918). 

‘ Phys. Z.. 16, 59 (1915): 18, 507 (1917): the reault dt>es not hold for Hi, Hr, T1, Ta, Mo; 
if j) is the pressure and br the resistance change, then 6r » ap -f- 6p>, where a and h are con- 
stants, holds for many metals, c.g., Zn, Fe, Pd, etc. 
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Benedicks ‘ and Griineisen * have shown that atomic conductance is a 
periodic function of atomic weight and lU'croaMs iji value from tlie first to 
the eighth group in the periodic table. Streintz’ found tliat between IS'’ 
and 100“ the relation 

Vo/omfe volume ~ const. X dr 'ilT 

holds for certain series of metals, .such as IM, Pt. Al. Ag, Au, (M, Sn. TJie 
constant appears to vary from serie^^ to series, and to depend, to some extent, 
on the atomic volume of the metal.* 

Effect of Temperature on Resistance of Metals: The relation bet\\('en the 
specific resistance of a metal and temperature may be expri'sscl by the formula; 

r = o + IT 4- cT-, 

for small ranges of temperature the linear relation 


r = u -f hT 


is sufficient, the coefficient having the value about (rr)dr;(/7’~ 0.001 (cf. 
co(*fficient of exiiaiision of a gas), although for magnetic metals it js higher 
The coefficient increa.M's with temperature, large chang<-s bmiig observed in 
the neighborhood of transition points and nn'Iting points. The coidlicients 
for liquid metals are usU.ally I o thos(‘ for solid.'* rnhk<* the coiresponding 
constants for gases, and ( l/V)(dr/d7’),. are different. In the case 

of mercury,® the value at constant volume is ~ 0.9 X 10 *, that at constant 
pressure + 8.9 X 10’*. 

Lindeck ’ finds that {xpeajlc resistamr ot u (iivni (emixrolure) X {fetoimolurfi 
coeficienl of rcsialance tU Ifie some f( mixniluri) is constant for metals. For 
copper the constant has the valm* 0 78 X 10 ’ at 10 “. 'I'he constants for 
aluminium and iron are 11 (i X 10 ' and 0 X 0 X lO at lo”, n'spectively. 
The relation holds even in presi'iice of impuritu's ((> g., As in ('u). 

At very low temiieratures the resistance diminishes very rapidly with the 
temperature, and at 3° or 4“ abs. the resistance may be zero, i.e., tlie im'tal is a 
jierfect conductor. Our knowledge of tlie resistance of metals at very low 
temperature is due to tlie work of Kanierhngh Onnes and his co-v\orki‘rs al 
Leyden.^ In the case of mercury, for example, at 13.9“ abs. the resistanci* is 

' Jahrb. Hiuhmkl, Elrktronik, 13. (I'Hio. 

’ Ber, Dcut. phm. GV.f , 20, (191S). 

’ Ann. Physik, 33. 430 (1910). 

‘Further jmper.s on Oie conduelivil.x of iiic-i;«ls- Ko<-iiiks1ktk<t and Wcis'^, Ann. dc 
Phys., 35, 1 (1911): J- >!• Thoiiisoii, Xtdun , 96. 191 (19l.'o. Pfid. Mny., 43, 721 (1922), 
44. (1922): Hramley, Phil. Afng . 46, lO.).! (192.3) 

‘Somen ille, Phyn Rex., 31, 201 (1910), 33. 77 (1911) 

* Kraus, Phyn. Rvt., 4, 159 (1911), .Sini<T\ ille, he cil. 

' Ber Dtnl. phyn. Grs., 13, (>> (1911). 

* Proc. K. Akad. Weinuxch. Am.stm/nm. 13, 1271 (lOlli, 14. hlS (1912); 15. 1400 (191.3); 
16, 113, 673 (1913); 17. 5US (1914), see alst) ( lay, .fnhrh. Rndiankt. KMUromk, 8, 3H3 (1911); 
12, 259 (191.5): Cromnieliii. Phyn Z , 21. 271. .3(K), .331 (1920); ('hem. Weekhlad, 16, (HO 
<1919). 
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0.034 that of solid mercury at 273®. At 4.3® abs. it is 0.0013 times, and at 
3° abs. less than 0.0001 times. Gold and lead behave similarly. Metals at 
these low temperatures are .said to be in a “super-conducting^' state. Some 
metals, such as platinum, copper, and metals which tend to form solid solu- 
tions, do not become super-conducting, but the resistance decreases to a 
minimum, and then rises again with further fall in temperature. 

An apparatus for the measurement of resistance of metals at very high 
temperatures has been devised by Saldau.* 

Conductivity of Alloys : The electrical conductivity of alloys ^ is charac- 
teristic. r^ach component contributes to it, so that if an alloy is purely a 
mechanical mixture its conductivity is an additive property of the volume 
percentages of the components. Isomorphous mixtures have a conductivity 
which is always less than that calculated from the mixture law, and is di- 
minished by addition of foreign substances. The formation of a solid solution 
is accompanied by considerable increase in the resistance of the alloy, and this 
increases also with increase of concentration.^ When the components form a 
compound this i)ossesses a peculiar and characteristic conductivity which is 
relatively high, and is diminished by additions of foreign substances. The 
temperature coefficients of iuternietallic compounds differ but little from the 
normal value (0.004) for pure metals.^ 

In the case of solid .solutions the temperature coefficients are much lower.^ 

Lord Rayleigh® showed that the application of an E.M.F. to an alloy 
should call into play opposing thermoelectric forces, due to the Peltier effects at 
the numerous boundaries between the different metals, and, according to 
Liebenow,^ this is the rea.son why the conductivity of alloys consisting of 
different kinds of molecules is always less than according to the mixture rule. 
From this assumption the properties of alloys can be deduced,® except those 
of solid solutions, when the ex])lanation of Rayleigh seems to break down.® 

> Iron and SUrl Intit. Carncyn' SchoL Mem., 7, UK'S (1910). 

* Dos eh, Met.!ill()Krni)hy, London, 1922, 2.')3; Guorticr, Jahrb. Itadionkt. EUktromk, 5, 
17 (1908): Lo Cluitrlior, lievue yiiUrale dcs .'<cience.'t, 6, .W1 (1895); (’untnbution l'6tude 
des allinKos, Paris, 1901, 1-40, Sknupy, Her. Dent. phya. (tea., 18, 2o2 (1916); Sihenclc, Ann. 
Physik, 32 , 201 (1910). 

* Pushin and Maxiinenkj), J. Russ. Phys. Chem. Soc., 41, 5(X) (1909); Chem. Alw., 5, 
819 (1911); Pushin and Di.shlcr, dnd., 44 , 125 (1912); Chom. Abs., 6, 1.SS7 (1912); N. I. 
SU'panoff, d)id., 44 , 910 (1912); (’hem. .Vbs., 6, 2187 (1912); KurnakofT and .Schomtchu8chny, 
ibid., 39 , 211 (1907); Norbnry, Trans. Faraday Soc., 16, .570 (1920). 

* Pushin and Diahler, loc. cit. .VUoya of brittle and easily oxidized metals can be suitably 
cast according to the method of N. J. Stepanoff, Z. anorg. Chem., (JO, 209 (1908); J. Russ* 
Phys. Chem. Soc., 40 , 1448 (1908); ('’hem. .\b.s., 3, 773 (1909). On solid solutions see also 
Guertler, Z. anorg. Chem., 51, 397 (1906). 

‘ N. I. Stepanoff, loc. cd. 

^Electrician, 37, 277 (1896); Nature, 54, 154 (1896); Collected Papers, iv, 232; experi- 
mental demonstration, l\ishin and Maximenko, for. ci(., Willows, Phil. xMag., 12, (’>04 (1906). 

Z. Elfktrochem., 4 , 201 (1897); Dor eloktrische Widerstand der Metalle, Halle, 1908. 

* Nernst, Theorot. Chem., 8-10 .\ufl., p. 471. 

* Doach, Metallography, 19*22, 255; Sohenck, Metallurgie, 4 , 161 (1907); Physik. Z., 8 , 
239 (1907); Guertler, Z. anorg. Chem., 54 . 58 (1907). 
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Matthiessen ^ put forward the general law that the conductivity of a 
binary alloy may be represented by the equation 

k„Ik = VJI\ 

where k and Kw. are the observed conductivity and that calculated from the 
mixture rule, respectively, and F and are the corresponding temperature 
coefficients. Since Pm = 100(Aro - Kio(»)An for all metals is equal to 29 ± 2, 
we can write the law KmP/K = 29 d: 2. F(»r alloys free from mixed crystals, 
Km = X, and the rule becomes P = 29 ± 2, 

The correctness of Matthiessen’s law has been demon^trated by other 
experimenters.- The law has been modified by (Juertler,’ \\ho states that the 
conductivity of a binary alloy and its temperature coefficient are proportional, 
even when mixed crystals and compounds an* pn'M'ut. In all cases the con- 
ductivity and temperature coefficient cur\es ha\e the sum* form. (lUertler 
and Schulze * state the law in the form that the ab^ffiite increase in resistance 
on raising the temiieraturc of a binary alloy from IF to lOlF is independent 
of the increase of resistance brought about by tlie provence of mixed crystals 
and has the .same value as that calculated from the* increa*-!* of resistance of 
the pure components when raised through the same t(*mperalure interval. 
That is, (hmldt = drldt. This is confirmed l>\ expenmenl 

The constitution of binary alloys may In* d('duc<*tl from comluctivity 
measurements.'’’ The following are the nio''t important result'': (1) Alloys 
for which the electrical conductivity is a linear function of the volume coin- 
jiosition have comjionents not nu''Cil)le in the sohd state. (2) Alloys foiming 
a complete series of solid solutions (<* g..Ag Aui have* a continuous ('(mductivity 
curve (plotted against voliiin<* coiu'entralion). I his curvi* .shows a \(‘ry flat 
minimum and falls rapidly on both sides from the points repn'senting the 
conductivities of the pure metals, (d) The components of some alloys (*xhibit 
only limited miscibility: in this case the l;i''t statement holds for tliat imrt of 
the curve between the pure metals and the saturated solid solutnuis, while 
the first statement holds for that part (»f the curve between the compositions 
of the .saturated .solid .solutions. (I) If two metals form m compoundH, the 
conductivity-concentration diagram c.ni l»e divided into m -f I single binary 
diagrams, and from tlie sliape of tin* «*urv(>s information on the existence of 
compounds mav be obtained, (d) Tla* electrical conductivity of a .\vsteiii can 
never exceed the values on the .straight line j(»ining the conductivities of the 
pure components. (6) A sharp point on tla* curve alwavs indicates the pres(‘nce 
of a chemical compound, but the converse does not hold, although Liebenow 
considers that it does. 


‘ Ann. Phyiiik, 112, 3o3 (ISOl). 

> Matthiessen and VoRt. .Imo Phy.s,k, 122. 19 (1SU.1): Deuur and HennnK / /ot. May., 
34, 326 (1892): 36, 271 (1S9.3): Kekhnrdt, Ann. Physik. 6, S:i2 (1901), etc, Heferencas in 
Guertler, Z. anorg. Chem., 54 , 72 (1907), Z. Ehktrwhfm., 18, 601 (1912). 

* Loc. cU. 


< Z. pAy«tA-, C/iem., 104, 90 (1923) r r t 

‘Guertler, Z. anorg. C)um., 51, 397 (1900); Z. EUklrorMm., 18, 601 (1912); J. 


Metals, 6, 135 (1911). 
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The constitution of alloys may also be elucidated from a consideration of 
the temperature coefficients of conductivity.* The value of P, the percentage 
decrease in conductivity on raising the temperature from 0° to 100°, is the 
same for alloys free from mixed crystals (solid solutions) and for pure metals, 
so that alloys for which P = 31 or more contain no solid solutions (magnetic 
alloys excepted). Alloys containing solid solutions have a value of P which 
falls rapidly from the value for pure metals, and the curves connecting P with 
the comi)osition of the alloys show in many cases breaks corresponding with 
those in the miscibility of the metals. The resistance of solid solutions is 
supi)ose(l to persist even at the absolute zero, whereas that of pure metals 
tends to vanish at T — 0. The values of the Wiedemann-Franz constant 
6 Ik arc smaller when solid solutions are formed than with pure metals.^ When 
solid solutions arc not formed, it has the same value as for pure metals. 

Conductivity of Liquid Alloys and Amalgams: Very little work has ap- 
peared on the conductivities of liquid alloys. Some experiments have been 
made by Bornemann and Muller,® glass or quartz vessels being used. Liquid 
alloys of sodium and potassium give a curve typical of a continuous series of 
solid solutions (Ag-Au), with a well-marked minimum. There is no indication 
of the compound Na 2 K, but NaK appears to exist. Liejuid alloys of lead and 
tin exhibit a conductivity which varies linearly with composition. The curve for 
liquid alloys of copper and nickel is continuous with a distinct minimum; 
that for c()])per and antimony shows a break at CuaSb,^ which is more strongly 
marked in the curve of temperature coefficients. The inlluence of added 
metal on the conductivity of a liquid metal is quite independent of the con- 
ductivity of the added metal. The determining factor seems to be tendency 
to compound formation. The alkali metals, having a strong tendency to 
combination, always lower the conductivitv of a liquid metal to which they are 
added, whilst indilTerent metals may either rai.se or lower it. 

The conductivity of mercury is lowered by addition of alkali metal, but 
raised by addition of other metals.’’’ The low temperature coefficient of 
mercury “ has been attributed to the presence of two or more different kinds 
of molecules giving it the properties of an alloy. The addition of alkali metals 
(except lithium) which form compounds with mercury, and increase the 
number of complex molecules, lowers its conductivity in accordance with this 
view, whilst indifferent metals (lithium, calcium, strontium), which dissolve in 
the monatomic form, raise it.’ The effect increases with temperature. The 
conductivity curve for amalgams exhibits a maximum corresponding W’ith 

‘ Ciucrtler, Z. anorg. Cht m., 54 , 58 (l‘J()7). 

* Srhulzo, .Inn. 9, fc.'jS 

MitalUirgu', 7, 39(> (19U)), Horiu'iiuiiin iiiul WaK^'ninunn, Frrrum, 11, 276, 289, 330, 
(1914); Mallor, MvtaUurgic, 7, 730, 755 (1910). 

* Horncmann uiul Hauschonplat, MetallurKio, 9, 473, 505 (1912). 

* Burnoniann and Mliller, MetalliirKio, 7, 396 (1910). 

* About 0.001; Liobeiiow, Die elektrische Widerstund der Metalle. 

^ Konninger, Diss., Fridburn, 1914, Lewis, .\<lains and Latninau, J. .Ini. Chem, Soc., 37, 
2056 (1915), att%|bute the lowerinK in conduetivity to a rediietiou in the average mobility 
of the electrons. 
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NaHgj* and one corresponding with Kllg. Metal'j dissolved in mercury are 
assumed by Skaupy* to be ionized to a convidorable extent. Lewis, Ailams, 
and Lamman « found transfer of alkali metal fnmi kathode to anode in the 
electrolysis of sodium amalgams, and assumed that the sodium atoms form 
nuclei on which large aggregates of mercury atoms colh'ct, tlie whole aggregate 
being less easily penetrated by electrons than free mercury atoms. 

The Conductivity of Solid Salts and Glass: Some e\j)eriment.s on tlie con- 
ductivities of solid sulphides were made by Faradav.^ In tlie ca>e of Mher 
and lead halides, no sudden change of comhictixity occur> on fuvi,.n.'’ In 
other cases sudden clianges occur on fiMon/’ or when the sulistanee passes 
through a transition point. 

E.\periments on the cunducti\ity of glass " .show that the .soiliuni ions move. 

The conduetivitie.s of mixed oxides were iiuextigated by Hey Holds, ^ who 
u.sed principally zirconium and cobalt o\id(‘.v, with \arious added oxides. With 
increasing concentration of the latter the condueli\itv passes through a max- 
imum. The true electrolytic character of the conduction in such mixtures was 
established by Xernst and Bose'" d'he \ernst lamj)" makes use of these 
results, draetz'*’ found that the conducti\it\ of "olid .'-alts is increa'-ed by com- 
jiression. Arrhenius''' found the conducti\ities (*f siBor chloride and bromide 
to be affected by light. Brown" found tin' comlnclivity of solid cojiper 
ferrocyanide to take place without jiolan/ation. A \ery comphde invest iga- 

K'f. Mine, ,/. Am. ('lum. Sor , 39. H7M ilOlT). wlio fiinF lli.il lli<‘ of soiliiiiii 
iiiiialKiiiM i)assrs thnnmh ii miitmium ('I \ .iii-Ioik'. I •mui Sm' 9, '."ll (I'MI) 

^ liir. Ihut phyKikdl (/(s , 18, 2.VJ (l'M(>). 

5 J. .l»j. Clum. S(H . 37, 2fM<; 

*Fliil. Trans., 123, oOT . Kk\A H.- . lili .'<•• 11 .-. IIO IT . 7ili Sori.H, 201. 

‘ K. tVieclciiiaiin, .ta/o /Vw/.mA, 154, .{Is (|s7.o, \\ Kolilt.iu''cli, ihiil , 17, 012 (lss2!, 
.'\vrton, FhiL May . 6, ia2 (1.S7S). I. Poiin-.in'. la// ('Unn , 21. 2V1 (IS'IO), (iracl/, 

• laa 40, IS ( isOO) , Lap-/ Inn ami li Hull \<u<{ /'.P /'•/», \/il l(lsni), 

Tubamlt, Xiinst Ft.'.tsdinjl, p. llO (I'llJi. Inlumlt .iikI I.oH'Ii/.. / y/A//-//. , 89, ol.'t 

(lUlt). 

^ T. .Viutrcws, True Huy Sur H<liii . 13, 27.) ilssli, \\ Kolilraii'-/ li, Hhu'>ik, 17, 
012 (1SS2) (VkI), .S, P 'riioiiii.son, Va/a/., 24. Ki'i 'issli iHkI'h,!*'. .1//;/. Fhysik, 

92, -t.VJ (ls.')-l), And , .luhillxtud, 2.{ (1^71/ (Hu'I'h l.on-n/, El<kli«lii^< u»!Mhiinil Sul:i , il, 
241 {{,, (in)s, Silz. Ij> r /^//a'.'i. Akmf . .')00 (Is77i 

' Warhurn, .laa. Hhuyik, 21, (.22 (ISM), 1‘ Ci i\. A ami Dol.l.i.', Fnx . Huy Sur , 

36, 4.HS (ISSI) ; F. TcK<'tn)(*K'r, Aaa /’Ai/.s/A. 41. is 1 1'''•0), Kr.oi'* .'iml 1 )arli\ , ./ 1/a ('hmi. 
^'ac , 44, 27s;i (1<)22), I.oinaiicaml K/‘r-<hlKiiiin, / y/Aa-// r/„ /a , 72, U.s ( PMO) . Sperm '•ki. 
J Husk. J‘hyH. ('In m .Soe , 47, .>2 fl'.M.')) . Pn.tni an<l l. ix, Z (<<hu /'////y/A , 3, 2 12 ( l'.t22) , 
Pinwn aiul Sieiimn.'^, Z. Khkinxinm . 15, 0(.') ilOO/t), II-ihiT, Tlienmxh mimies, (i l'(0S, 

•llS. Winkolniaiin’s Fh.\-ik, IV, j. t.')2, M<ktn.l\xc Kesrlmi .Sil/e, o. 22 '(ff 

^ Di.'^s., Gottmuen, 1002 

’ Z. Elektror/u m., 6, 41 (l.V.I'Ij. 

“'.Ian. Physik, 9. 1()4 (l()()2t. 

Elfktrntcchn Z. 19, 272 (isOsi. 22. UK). (.20 (l'*01). 24, 2M. 4 1‘2 (lOOly. 25. 010, 
7.')1 (1904). Zirconia ami thoria, wKh r.tre eaitli-, an* ii-e/t. .'<ee !iU<, Ziinmeniiaii, TtauH 
-la/ Ehrtrorhem. .S'or , 7, 79 (190.')), who fiiat'' ele/ 1 |., 1 \ si- l:ike‘< place m Nernst lil:uiieii(s. 

" .'Inn. Physik, 29, :iU (l,vs()). 

" H'mn. Akad. Her. 96, S31 (lss7i, li> dd Ann Phy^d.. 12, 119 (isssy. ^ 

Phd. }fng , 33, S2 (1^91). 
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tion of the conductivitiea of solid salts was made by J. Rosenthal.^ He ca>t 
or pressed the substance into sticks, bored holes in these, covered the inside-^ 
with graphite, and inserted platinum wires which were fixed in place with 
Rose’s metal. The results, although numerous, were more or less qualitative. 
In some cases the crystalline form conducted better than the amorphous, 
sometimes both equally well. The conductivity of lead chloride changed with 
time, probably owing to change of modification. Some salts conducted only 
at higher temperatures (e.g., KaCr^Oy above 310°). Foiassereau^ measured 
the conductivities at various temperatures, and found that the specific re- 
sistances could be represented by eejuations of the form: 

log r = a — + ct^, 

where I = temperature. The conduction is attended by movement of ions, 
although this is extremely slow.^ 

The following method is described for the measurement. The powder is 
strongly compressed into small cylinders, the ends of which are covered with 
a thin layer of graphite. Connection is made with the circuit by means of 
l)latimim plates pressed firmly agaiuNt the end.s.*’’ Kohlrausch’s method is used 
for the measurement. In the case of potassium, sodium and silver nitrates the 
resistance of the crystalline substance is more than 10,000 times that of the 
fused, and the relation 

log K - a A- bt {t = temperature, a and 6 constants) 

holds. The conductivity of solid solutions always exceeds that of the com- 
ponents, the reverse being the case for metals. Similar results were found for 
silver, potassium and so<lium chloride^, and i)ota.ssiuni chromate,^ but in the 
binary system Ag('l K('l the conductivity is the sum of those of the constit- 
uents, since these are not mi.''cible. 'Phe sinhlen changes at melting or transi- 
tion temperatures are proposcal in the mea.surement of these temperatures.** 
The conductivity isotherms ii.'^ed for alloys do not represent the results with 
solid mixtures of salts.” 

' .-tna. Physik, 43, 700 (IS91). 

’.-IfUi. Vhitu. Phya., 5, li-U, .'U7 

’von lU'vc'sy, Z. Phymk., 2, 14S (1020). 

* Benruth, Z. physik. ('hem., 64, 00:i (B.MJH). 

’ KctzcT, Z. Kleklroehem., 26, 77 (1020), finds that the conduotivity may change as inufli 
as 12 ])er cent ncoordiiig to the pre.H.s»ire n.sod itj making the cylinders. 

•Tubandt, Z. nnorg. ('hem., 115, 10.1 (1021), finds that the inten)osition of a cylinder 
of cubic silver iodide between the kathode and cylinder of salt is an improvement when direct 
current i.s used. It prevents possible short circuiting owing to the formation of a metal 
bridge, which is one of the chief difficulties; cf. Tubandt and Eggert, tbid., 110, 196 (1920). 

■ Benrath and WamofT, Z. phynik. Chem., 77, 257 (1011). On the conductivity of crystals 
see Uoclter, Monatsh., 31. 408 (1910). 

* Benrath, Z. phymk. Chem., 64, 693 (1908); cf. Tubandt and Lorenz, ibid., 87, 513 (1914). 

® Benrath a||d Tesche, Z. physik. Chem., 96, 474 (1920). 
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Haber and Zawadzki * found that when solid compressed silver salts 
(halides, sulphate) are electrolyzed between silver plates, polarization occurs, 
which is greater the lower the temperature and increases when the salts are kept 
compressed for some time. They suggest that the ciirrejit i> transported by 
electrons, with simultaneous formation of oxidizing materials such as free 
halogens or silver persulphate, which then attack the anode. 

The conductivities of .some imwders were investigated by (loddard, w'ho 
found that in the case of siUer iodide - the condiictnity fell rapidly at first, 
then reached a limiting valm*, rising, at first rajiidly and then slowly, to its 
initial value when the circuit wa" broken, 'fhe C(mductivity of barium sulphide 
was constant for the solid, but ro.H' whim the substance was jiowdered. The 
conductivity of powdereil molybdenite ros(* on the application of M.M.F. 
Ohm’s law is not olx'ved for powder'' except m the case of zinc perborate. Tho 
conductivity of a powder falls in a \acuum, at tiist rapidly, then slowly. 

The conductivity of solid calcium sulpliid<‘ increases rapidly with the 
temperaturo ami also under the influence of light up to a iioiut,* the curve 
showing an acut'C maximum, from which it de-'Cemls to zero as the temperature 
is raised still higher. The phenomenon is probably connected with tho state 
of phosphoi'cscence. 

Sandonnini found that the conductuity is(dherms of the system Pbt'lj- 
Pblir 2 nt 20(F, 250° and 200° all "how a minimum corresponding apjiroximately 
to equimolecular proixirtiou". In the s\stem Ag( 'l-.AgBr, (‘xamined at 200°, 
250°, 300°, 050° and 400°, the conductivities «)f mixtures containing bidween 
0 and 70 molar per cent of bromide are le.ss, ami those of the nMiiaining mixtures- 
slightly greater than the values calculati'd by the law' of mixtures. Tho con- 
ductivities of solidified mixtures (d salts are h'ss than those calcul.afed ad- 
ditivcly when they form jierfectly launogeneoiis .solid solutions with melting 
points intermediate between those <»f their compiuients. WIkmi tlu' com- 
ponents form mechanical mixtures and no other jihenomenon interf<*res, the 
conductivities sliould be strictl\ additive. Benrath faboxi'j found tluit this 
additive value is always exceedeil, the only apparent cause for which lies in 
the gradual diminution of internal fiiclmn becaiisi* the maximum is observed 
at a point where tho conductivity isotlaTin lies close to tho euti'ctic point. 
The large increases in condiictnity found by rritsch •' on mixing halides of 
lead and mercury with tlioso of alkali metals, when .solid .solutions were su|)posed 

' Z. phy.’iik. Ch(m., 78, '22S (1012). 

’ Pkys. lii-T., 28. 40.} (190')). 

^Vaillant. Compt. mid , 154, .SC, 7 (1912). 171, l.W) (1920), rf iW . 173. 112. 

295 (1921) (thallou.s milphufr and scl(aiid<9 . 152. 1.'102 (1911) (aiit)iii(in\ nti lli»* 

unuK)lar rondurtion of stihikitc "<•*• Martin, /'/o/s Z, 12, 11 (1911). Tta- roiuiii tivily of 
finely divided salts i,s a fumtion of thr* "!/.«• of tin- |.:ii1h1ch, Fink. J. /'/o/t ('hern , 21, .'12 
(1917). 

* AUt H. Accad. Linen, (\), 24. i, M2 (191.}), 50. i. 2S9 (1920), Kvtzi r, Z. 

Elektrochem., 26, 77 (1920), find" that tlic coiidurf ivil y of solid lead rhloridi’ ih larKflv in- 
fluenced by previous treatment, and Lelllanf-, dud , 18, .519 (1912), finds the same with lead 
fluoride, potassium fluoride and barium fluoridf • 

» -4nn. Phyaik., 60, 300 (lh97). 
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to be formed, do not occur in the complete absence of moisture and if the 
mixture is not overheated. LeBlanc,‘ who measured the conductivities at 
IS® of lead, potassium and barium fluorides and mixtures of these, found that 
the conductivity of lead fluoride is doubled by the addition of 5 per cent of 
barium fluoride, and becomes five times as ^reat by the addition of 5 per cent 
of j)otassium fluoride. The increases are smaller than tho.se found by Fritsch, 

Sometimes positive and negative ions are the carriers in solid salts. Tu- 
bandt ^ finds that with .solid silver io(li<le, bromide, and chloride the current 
is carried entirely by the silver ion. Faraday’s law holds to within 1 per cent 
with these salts and silver nitrate.'* A layer of .silver iodide was interposed 
between the salt and kathode. Jn the ca‘>e of silver iodide the velocity of the 
silver ion in the .solid was 0.55 X 10 cm.,'.^ec. per volt per cm. at 145° C., 

approximately the .same as its value in aqueous solution at 18°, and double 
this value at 552°. In the ca.se of lead chloride the current is carried by the 
chloride ion, and in lead fluoride by tli(‘ fluoride ion. Above 180° silver 
sulphide is a true electrolytic conductor, the .silver ion carrying the current 
and moving with a velocity of 0.11 cm. /sec.'* The cubic form of cuprou.s 
sulphide is a puns electrolytic conductor, the imdal ions carrying the current. 

Conductivity measurem(*nts with hydrogen absorbed in palladium have led 
to the conclusion that .solid solutions, •* or a .''olution of hydrogen, probably 
monatomic, " are formed. 

Electrolysis of Fused Salts: After the exj)eriments of Faraday, already 
mentioned, the problem of the conduction of fused salts was taken up by 
Matt(‘ucci ’’ and by Hraun,'* l)oth of whom paid candul attention to polarization, 
since direct current was u.sed. Braun was led to a speculation as to the state 
of salts in solution which approaches the icmic theory.'-* The application of 
alternating current was made by Kohlrausch.*'* Fou.s.screau'* determined the 
specific conductivities of a number of fuscal salts by various methods, paying 
careful attention to polarization, the elTcct of temperature, and visco^ity. 
Bouty and I’oincarti** us(‘d the method which had been ai)j)lied by Bouty to 
solutions (.see later) and ob.served the conduction on the walls of the glass cell 
at high teini)eratures. They found that the conduct i\ ity of mixtures of similar 

I /. KUKtrodum., 18, .'ilU (IIU-J); Urv'i ipt ion of uppar.UiH. 

Z. (iriorfi. ('Iii'in,, 115, 10 .') (I'.rJl). 

•■'('f. Tulmndt iind Mnni'it, Z. anntji. Chun , 110, I'.Ui (19'JO). 

< The a-fo:in of Anj.'S follows t':ii:nla\'s law i'\artl\ , Tultandt, F.iiKOrl and SolubU', 
Z. anoro. Clnni., 117, 1 (1921). MivOiros of Vui-'S and Ak do not follow tlie law (Tubandt 
and F.KKort, ihid., 117, dS) until all tin- tn-o siUor lia- innrrati-d to th.> k.itliodi- .md pure A>t:'S 
roniains. 

Sirvert.s, InitimU. Z. Mthtllnomphie, 3, dti (1912). 

" Smitli, Pror. Xnf. Arad .Sn , 7. 2S (1921). 

- Ann. (/*' Chun . 15. dUS (IS-I.*)). 

» .lnH. Ph .mA, 154, 1(U (1K7.')). 

M.on'nz. Floktndj.se m-M-bni Salzi-. ii, 19 1. 

Ann. Phi/sik, 17, 0d2 (lS.s2). 

u .Inn. Chim. Phy,'^., 5, 241. 1117 (iSSo). 

'■ .ln«. ('him. Phi/.'t., 17, .V2 (l.S,S9). 
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was additive. Poincar^' • then carried out an extensive investisatiou on 
tlie conductivities of fused salt-' at variiuis temperatures. The conductivity 
increases with temperature more rapidly than linear pn^portionalit y, and tljo 
formula 

Kt = K„[l - t\{i - /y)] 

wa*^ not exactly (tbeyed. Tlie product ud. where d = ileu'^ity, was constant. 
The ratio of the molecular conductivities of sodium and potassium salts was 
independent of the anion. An e\tensi\e series of me.asurements was aKo made 
by (Iractz.^ The subject has, howe\er, been principally advanced by the 
work of Richard Lorenz and his co-w«>rkeis ■> 

The principal differeiua' from the ease of s,,hi(i,,ns is th.al, wiiereas in tlie 
latter case mixtures of soluti' and practically non-conducting soKcnt arein- 
vohed, in tlie case of fused salt-s either onlv one subsiance is present nr the 
components are conductors of the sanu' cl.ass. lu spiti* of this >>;reat dilTcnMice 
tlio ions (leposited are the same in both cax"', and Faradav’s law is olx'ved, 
with the same value of F= 9(1, .*>00 coulombs (s(v " Faraday’s Laws”). In 
the deposition of siher tlie accuracy is 0 0 ().‘) p(>r camt up to ‘ibO”, and (). 1 > p(‘r 
cent uj) to ()40'^; with lead tin* accur.acv is about 1 jier cent up to lOoO'k’ 

The conductivitv is luaiulv conditioned by the temperatuie, and the attempt 
to connect it with the decree of ionization, ;is m I.Ih' c.ase <4 .solutions (7 is 
not possible.^ l^lia^ization is obser^ed m tlu' ele<;trol>.sis of fusiid salts, ami 
ci'lls of the Daniell tyjie, as well as those with Inpiid junctnms, may be sd up 
with fused salts, the ILM F.'s bemn of tlu* same onhw as in acpn'oiis solutions 
Freezing point measurements imlicate that comph'X s^lts ;ire sometiim's 
formed, and com|de\ ions are theiefore probably pri'sent. Surface tension 
measurements indicate strong association ' of fuse<l salt.s 

The migration of ions has been obser\ (m 1 in the case of fused salts,'’ but mittra- 
tioii ratios cannot be calculated, sinco “sohent’’ is i<lenlic;d with “solute” 
In the case of a jiarticular mixture of lead chlornh' and jiotassium chloride 
containinii about 7 jier cent of the foimer, all the lead deposited i.s takiui from 
the vicinity of the kathode ami no h'ad ions mo\e through the mass of the 
liquid. 

' -troi. (’him. ph\i> , 21. L>SU (l.sUO), Cnmi.t i<i„l . 108. Ms (ISS'O, 110, MU (ISSU). 

- .Iroi. Phijsik, 40. is (ISUin. 

" Elrktrol> s(‘ pcsrliniolzfiHT .s.il/i*. .1 ptii', ll.dl''. lUU'i U, Z. iilnj'ttk ('him, 70, '2.10 
(1910), thr followinit arcouiit i- Tiiainh iImomI troni lltcs*' soukc,, (■x<c‘|)t fc)r I.iOt work. 

K'f. Hnini and Sran)a, .\Ui H Amul Ltmm. 22, i. Ms (lUM), 'rnhaiidt. and I^orriiz, 
Z. phydik. Chfm., 87, (lUltj 

Lomiiz, Z 7 )/i//.oA (’h>m . 70, .'MO MUlO) 

® Lorenz, he. nl. No ijolarizat ion wa- ol.M-i\<r| in ili<- trol\s|s of potassuitn loiinlo 
in fii!?ed kxlme. (1. .\. M-wis and \\ / phy^ik ('lum , 56, 17U (lUOO). ( f. I/irenz, 

Klektrolj ,se, iii, 1 (T. fo- details. 

M/Oronz. Z. phjjsik. ('hnn , 70, 2.'1S MUKii, \\ ald<*n, liuU. Aeml P((<r>if) , 40.') (1914); 
Z phynik. ('hem., 75, oa.) (1910). Walden and .Swinne. ihd , 79. 700 (1912), 82, 271 (lOl.'l); 
Liobmann, />!««., Zurich, liKK), HoehlK'rjr, />/>■'• I rankfori a M , lUl.'), Ivonaiz .and Hoehlx'rd, 
Z. ntwrg. Chern., 94, 301 (1915). 

* Lorenz, Z. physik. Chem., 70, 234 fT. (1910). 
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The experimental methods of determining the conductivities of fused salt^ 
have been described by Lorenz (loc. cit.).‘ 

Lorenz and Schultze investigated the conductivity of fused zinc chloride 
between 250° and 700° in a hard glass cell with silver electrodes, resembling 
the Arrhenius cell. Lorenz and Kalmus used platinum electrodes in a hard 
glass or quartz cell, two circular electrodes being separated by a capillar;- 
ve.ssel. Aten used carbon electrodes; for good conductors a peculiar type of 
cell was used.^ A general source of error is the conduction of the glass at high 
temperatures. Arndt used porcelain U-tubes with platinum electrodes. 
Arndt and Ce.ssler^ worked up to 1100°. 

Tlie chief sources of error in the measurements are:^ (1) evaporation of 
depo.sited metal, increasing at higher temperatures; (2) chemical side reactions 
(e.g., ('a -f- (diC'L = 2Ca(U); (3) cloud formation, when the metal does not 
separate in compact form but is difTused through the fused electrolyte in the 
form of a very fine cloud or mist; (4) colloidal solution of metal in the elec- 
trolyte; (5) complex formation at the anode; (6) recombination of the deposited 
substances. The formation of fog may be prevented to some extent by the 
addition of another salt, e.g., KCl to PbCL, BaCL to PbCL, etc., the effect 
being supposed to depend on changes of .surface tension between the metal 
and fused salt.® 

The conduction of fused salts is characterized by Lorenz as of the Grotthus 
tyi)e (see later), as contrasted with the Ilittorf type (moving ions) in the 
case of solutions.’ From considerations of the ionic radius he supposes that 
there is an exchange between ions and molecules.'^ An approximate calcula- 

* ('f. Lorenz and Kalmus, Z. phymk, Chnn., 59, 17 (1907), Schultze, Z. anory. Chem., 
20, :m, ‘m (IHOO); HclfeuHtein, ihi<L, 23, 2.'').') (1900), Lorenz, thid., 23, 97 (UKX)); (IrUnauer. 
ibid., 39, 389, 404 (1901) (very detailed); Quineki;, Ann. Phy.'iik, 36, 270 (1K89): .\ten, 
Z. phymk. Chem., 73, 57H (1910); 78, 1 (1912); Arndt, PhyHikaliseh-rhernische Teohnik. 
p. 592; Jirr., 40, 2937 (1907), of. Lorenz, ihid., 3.308, 4378, Jaener and Kapma, Z. unory. 
Chem., 113, 27 (1920); AppelberK, ibid., 36, 3(> (1903); .\uerl)aeh, dud., 28, 1 (1901), Lorenz. 
Elektrolyfie, i and ii. AeeordiuK to Faraday, Fxpt. lies., .')th Senes, 1833, p. 133, Davy in 
1802 fouiul (liat fu.sed nitre, eau.stie potash and soda are eonductiuK. Faraday {loc. cd.) 
investinateil many fiased salts and found that thev were decomposed accordmK to the law ol 
eleetrochi'inical e(iuivalents. The ^reat influence of traces of moisture on conductivity was 
realized liy Schultze, Z. anory. Chem , 20, 323, .333 (1899). 

Z. phytiik. Chem., 66, 07)3 (1909). 

5 Z. Elektrochem., 14, 002 (1908). (T. (loodwm and Mailey, Phys. liev.. 26, 28 (1908). 

* Lorenz, Klektroly.se, ii, 32 f. 

* This is shown c.specially in the electrolysts of lead salts in electrolv tes containing alkalies, 
it increa.ses with temp<'rature. See Lorenz and Helfen.stein, Z. anory. Chem., 23, 255 (1900), 
Schultze, ihtd., 20, .323 (1899), (5n\nauer, ihid., 39, 389 (1904), Lorenz, Elektrolyse, i, 130 f., 
ii, 40 f. 

® Lorenz, Z, Klektrochem., 13. .582 (1907), NcrnM Festitchrift, 260 (1912); Lorenz and 
Appcll)crg, Z. anory. Chem., 36, .30 (1903); Walden, loc. cit. 

’ Z. phyifik. Chem., 79, Oil (1912); Fleck and Wallace, Trans. Farad. Soc., 16, 340 (1920), 
think that, since Ohm’s law is .strictly olx'jed hy fused caustic soda, the ions are already 
fornml and no energy is re<iuire«l to disrupt the molecule. The argument is not decisive 
against Lorenz’s theory, since the energy of recomhination has not boon taken into account. 

* Z. phy.sik. Chem., 73, 2.53 (1910). 



CONDlJCTA^CE, I OX I Z AT 10 X AXD lOXIC EQVILIBRIA 503 

tion gave the dissociation of XaXOj n- 31..“) ppr cent at 3SS®. The method 
of calculation is as follows. The Hittorf conductivity i.. ,)btained hv dividing 
the observed conductivity by 2, since the .peed i,f the ion.s is 2 to 3 times that 
calculated from the atomic radii, and the limiting value is found bv Einstein’s 
formula, making use of the viscositie.. and radii of the ions in water and in the 
fused salt.* It is assumed that the elTect of temperature on tlie degree of 
ionization may be neglected.- ^:in^tein^s formula gives for the velocity of 
motion of a particle of radius r in a medium of \iseosity i] the value: 

u ~ /v/Gtdp’V,,. 

where A'o = number of molecules per gram molecule and K is the driving 
force applied to the particle. If K i. in dyne., u is given in cm. jier sec., and 
the constant is then calculable. It i" a^^unual that the mobiliti(‘. in \vat(‘r 
and in the fused .salt arc iiuersely propi.itional to tlie \lM'o.ltH>^ and radii 
(as indicated by the formula): 

and further that the radius of the ion i.. at Ica.f wry !ip])ro\imately. the same 
in both cases, i.e., r, = /■„. The \alue (d the limiting eijuis aleiil conductivity 
(see later) is tlien given by 

Ax=-' ("., T c„) . 

n- 

also A = K/c, where c i. the concentrati<m (»f the fii.ed salt It will be si'cn 
that the calculation is somewhat speculali\e in character. 

The measurement of tiie \i.cosities df fused s.alt. i. described l)y Lorenz.-* 

The e.xperiments of Poincare (lor. rtf.) indic;ite that tlie ionization of a 
fused binary .salt i.. indejiendent of temperatuie, the cliaiiges of conductivity 
being determined by changes of \i'Cosif\ When a fiiscal salt solidities, an 
enormous change of conductivity occiii-, hut Sachaiiow ' con.ider.s that tliis 
i.s entirely accounted for by the gieat M.co.itv change, and that salts are 
ionized to tlie ."ame extent m the soli«l and h<|uid state. This is in harmony 
with tlie most recent views on the stiuctuie of crystals (see later). 

The conductivities of s;dts dissolve»| m fusiMl .salts liave ln‘en nuaisured hy 
various investigators. The molecular conductn itii's of such solutions are 
high and usually decrea..c with dilution, whilst the opposite holds for aqueous 

‘ 2. phyitik. Chnn , 73. (l‘MO) 

’2. physik. Chnn., 79, {1012;. lU-r . 40. .HO.s (1007;, of viilijcs of \«|, iii Z. 

phy.fik. Chem., 79, (1910). 

* Z. phymk. Chnn., 73, 244 (1010), Loon/, \i-|m'Uhth, Z. aiotry Chnn , 36, :i0 (10O:i), 
Tubandt and I>orenz, Z. phynk. Chnn . 87. ,>i:i (1011;. Arndt, I’h>..)kul. ('hem. TiM-hnik, 
1915, p. 585, Walden. Bult. Aoul. Sn PtOrJi , Ki.l (1914). .Schulze, Z. KUklnKhnn., 19, 
122 (1913), finds the dewee of loniziition of fuM’d A^t'! to lx* 1.17 X 10'* to 1.3.) X 10'* at 
461°, and of AgBr, 2.35 X 10* :U 4.)0°, in :i»tn‘emcnt with .VIx'kk'.s valucH, baw'd on E M.F. 
nieasurcmenta (ihul., 5, :153 (1899;). Elect rol \ of fii.H«*<l K'l uia! I Hr, Hruncr and Hekier. 
Z. Ekktrochnn , 18, .368 (1912). 

* J. Rws 8. Phys. Chem, Soc., 48, 341 (1916). Lorenz, Klektrolyw, in, 289. 
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f^olutions.* Measurements with chlorides of caesium, potassium, sodium, 
ammonium, copper (cuprous) in fused mercuric chloride at 282® with platinum 
electrodes in a special apparatus were made. Solutions of mercurous chloride 
in the same solvent were non-conductors. Chlorides of bivalent metals are 
nearly all insoluble in fused mercuric chloride. Sackur * found that the laws 
of dilute solutions held for solutions of silver and cuprous chlorides in fused 
sodium and potassium chlorides for concentrations up to normal. By E.M.F. 
measurements he found that the ionization of the solutes is of the order of 
10 per cent, and is independent of concentration. 

I'dectrolysis of solutions of lithium carbide in molten lithium hydride leads 
to separation of carbon at the anode, whence it is concluded ^ that the carbide 
is ionized. Nitrides of alkaline earth metals in the corresponding hydrides as 
fused solvents appear to be similarly ionized. Lithium hydride itself, in the 
fused state, gives hy<lr()gen at the anode'* and probably ionizes as Li+ -t- H~. 

The conductivities of mixtures of fused salts ^ are less than those calculated 
by the mixture law, and the isotherms sometimes exhibit minima, indicating 
combination. No singular points are shown when combination occurs, except 
in the case KCl-CaCL. Benrath and Drekopf ® measured the specific con- 
ductivity of molten mixtures of K:iS 04 with Na2S()4, MgSOi, KF, and Li 2 S 04 . 
They find that the eutectic is a well-define<l conductivity point. The specific 
conductivity (lejiended on temperature according to the equation log k A- bT 
— const., which they also found to hold in the case of pure fused salts. 

The electrical conductivity of fused salts is more complex than that of 
solutions, both from theoretical and experimental points of view. 

*/ Theories of Electrolysis: GroUhns' Theonj: An explanation of the fact that 
the products of electrolysis separated only at the poles was given by Grotthus 
in 1805.’ He supposed that the passage of the current and the chemical effects 
were due to a series of successive decompositions and recombinations of the 
particles of the dissolved substance. In Fig, \n let AB, AB, ••• represent 
molecules before the current passes; these are orientated by the attraction 
of the poles in the manner shown. The molecule next the positive pole is 
decomposed, the B «rtm» being. attracted and set free. The A s£jm, now 
without a partner, takes the B aSSni from the next molecule, and this goes on 
until at the end of the chain the unpaired A aiSm is set free. This stage is 
shown in Fig. 16. All the molecules rotate so as to present B sides to the 
positive pole again, as in Fig. Ic, and the process is repeated. The cause of 
decomposition is thus assumed to be the attraction of the poles, which had 
been assumed by Berzelius and Ilisinger to vary inversely as some power of 

‘ Foote and Miirtin, Avier. Chrm. J., 41 , 451 (1909). 

2 Z. physik. Chem., 83. 297 (1913). 

® (Junta and 13eiu)it, Cow/rf. rend., 176. 970 (192,3). 

< Moors. Z. nnory. Chtm., 113, 179 (1920). 

•’ Sundonnini, .1/0 H. Acend. Ltncvi, 24 , i, 010 (1915), Gazetta, 50 , i, 289 (1920). 

" Z. phys. Chcni., 99, 57 (1921). 

' .bin. Chim., 58, 54 (1806); 63, 20 (ISOS). The fir^t pajicr was printer! in Rome, 1805. 

* .4nn. Chun., 51, 107 (1804). 
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the distance from the pole. This view was di.<5proved hy Faraday.’ He con- 
nected two platinum strips, kept at a fixed distance apart, with a galvanometer 
and immersed them in dilute acid through which a current was flowing. The 
deflection of the galvanometer was the same for all positions of the strips be- 
tween the poles, indicating a constant force. 

Faraday also showed ^ that chemical dt'eom- 
position could be produced without metal 
electrodes, e.g., by alIo^\ing the electric dis- 
charge from a pointed wire connected with a 
frictional machine to impinge on turmeric 
paper moi.stened with sodium sulphate solu- 
tion, the other end being earthed. Alkali was 

liberated. He also showed’ that when a curnuit was passed through a strong 
solution of magnesium sulphate co\ered witli a la\<‘r of water, magnesium hv- 
droxido separated at the junction of tlu* twoli(piids, although noeh'ctrode was sit- 
uated there. From this and other exiieiiment" Kara<layassumed that thedeconi- 
position was passed on from one s.ilt partich^ to the next through tlic solution, and 
did not proceed where there were* no contiguous salt particles, and lie ad<ti)teil a 
modification of (Irottlnis’ theory ' “the elb'Ct is produced by an internal 



corpuscular action (‘xerted according to the tlirecticni of tlic electric current, 
due to a force either sujx'raddiMl to, or gi\ ing direction to tin* ordinary clu'inical 
affinity of the bodies imMuit. The bod\ under decoiipxisition may be con- 
sidered as a mass of acting particles, all tlio-e which are inclmhal in the couih’ 
of the electric current contributing to the final elhait; ami it is Ix'cauM* llie 
ordinary chemical affinity is relii'vial, wiaiki'iu'd. or partlv mnitralized by tin' 
influence of the electric current in one direction parallel to the course of the 
latter, and strengthened, or added to in the oppo'«ite direction, that tin* com- 
bining particles ha\e a tendency to Jia^s in oiipo'-ite canirses. . . . Particles 
a(i could not be transferred or tra\el from the poh* A towards the other / iinh'ss 
they found particle.s of the opposite kind bb ready t<» iia^s in the contrary 
direction.” Also ’ “the free substance cannot travel, the combined ow can." 

Nomenclature: Faraday found it nc(*essary to invent mw names in the 
de.scription of hi.s exiieriments. The poles arc <»nly the doors or wiivk b> 
which the electric current passes into (u- out of the decomposing body, hence 
they were called electrodes (ri^tKTpov, amber, with which electrical effects arc 
said first to have been observed, and odos a way). The electrode by which 
the [positive] current enterc.l wa.s called the anode (di^c, upwards), tliat by 
which it left, the kathode {Kara, downwanls). d'he material decomposed was: 
called the elcctrobite {nli^rpou, and Xw. 1 loo.^e). The bo.lies wlucli move to 
the electrodes were called imss that na.Mng t.. the aiuale being the nnwn 


' Kxpt. R(*.h., 1833. ath Series. HI. 

’ Expt. Res., 1833, oth S'ries, 131. 

’ P:xpt. Rc 8 . 1833. 5th Scri«*s, 130. 

♦ Expt. Ro.s., 18:13. oth SiTic^. 110. 

‘Expt. Res., oth Senes. 157, the siune tl..-.,r\ rt.:iiiitaiiie<i by H. K 
A»x. Rep., p. 945 (1885); Rroc. Rou 40. -Ols dsMp. 


,\nn‘<troiig, Uni. 
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{iiviuiv, that which goes up, i.e., up-stream with the positive current), and that 
moving to the kathode the kation (/fanwv, that which goes down).^ It may 
be noted that, although the other terms have their modern meaning, the ion 
of Faraday had scarcely the modern significance. 

Faraday distinguished between primary and secondary products of elec- 
trolysis.^ The primary products are depo.sited as such at the electrodes, e.g., 
hydrogen from acids, silver from silver salts. In early experiments the metals 
were thought to be produced by reduction by nascent hydrogen, regarded as 
the primary product; this was replaced by the theory that metals were primary 
products by Hisinger and Berzelius,® their theory being accepted by Davy, 
but rejected by Faraday.'* This view is now accepted. The secondary 
products are those formed by interaction of the primary products with the 
solution or electrodes. When sulphuric acid is electrolyzed, the SO4 liberated 
reacts with water: 


SO4 + luo = 112804 + 0. 

The theory of the constitution of acids which represents sulphuric acid a.s 
H2.SO4 and not H2O.SO3 is due to Daniell,'* who pointed out that in the 
electrolysis of sodium sulphate, besides .soda and sulphuric acid, hydrogen and 
oxygen are also liberated, so that the current appears to do twice as much 
work in this case as it does in the electrolysis of w'ater or hydrochloric acid, 
where only one set of products is formed. The hydrogen and oxygen in the 
first case can then be rcpre.sented as secondary products, in the formation of 
which the current plays no part: 

2Na + 2H2() = 2NaOH + H.; SO4 + II2O = H2SO4 + 0. 

Faraday’s Laws of Electrolysis: As a result of a long series of researches,® 
Faraday was able to summarize the quantitative results of electrolysis in two 
very simple laws: 

1. The amount of chemical action is proportional to the quantity of electricity 

which has passed through the electrolyte. 

2. Ions are liberated by the same quantity of electricity ui the proportions of 

their chemical equivalents. 

Thus: the quantity of electricity which liberates one gram equivalent of an ion is 
always the same. It is called the faraday, denoted by F, and the value now 
accepted is 96,500 coulombs.^ 

The weight z of ion liberated by one coulomb is called the electrochemical 

‘ Expt. Ilt'S., 7th Series, 195, the names are due to Whewcll; Danoel, Elektrochomie, 
i, tl'2 (1911). 

* Expt. Hes., 7th Series, 218. 

».lnn. Chim., 51, 174 (1804). 

^ Expt. Res., 7th Series, 219. 

^PhxL Tram., 129, 97 (1839); 130 . 209 (1S40) ; 134 , 1 (1844). 

* Expt. Res., 5th Series, 145; 7th Series, 195. 

T Washburn and Bates, J. Am. Chem. Hoc., 34 . 1341 (1912); Bates, iftwf., 34 , 1515 (1912) 
Bates and Vdnal, ibid., 36 , 910 (1914), Vinal and Bovard, ibid., 38 , 496 (1916). 
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equivalent, it is the chemical equivalent divided by F: 

z - 

where M = molar, or atomic, weight; y ~ valence. The weight tr of ion 
deposited by a current of I amperes flowing for t seconds i-<: 

le == Izl = I MtlyF. 


The value of F is based on the electrochemical e«iuivalents of silver and (most 
recently) of iodine.^ 

An accurate value of F and a reliable method permit of accurate measure- 
ment of current by the electrochemical method. 

As a result of numerous experiments Faraday's law is found to be exact , 
with an accuracy of 0.01 per cent in tlie best casc.-^. 'I'lie relalnm is imlepeinlcnt 
of current streiiRth (when all secoinlarv effecl' are eliiuinaled), ami liohia in 
the case of different solvents,: even in the absence of solvent (fused salts). 
The law is probably strictly exact. 

The Electronic Charge: The exact proportionality between cliarge amt 
mass of an ion lead.s alnio.st neecsardv to the a^Mllnptlon, made by Helmholtz 
and Maxwell,: that the current i. carried conveclivelv by the ions, each of 
which is associated with a lixe.l charce, the unit charne bemi: that on a nniyaleni 

ion, and the charne.s on other ionv beini: of this unit charKe. 

Faradav* ha.l suggested that "if «e accept the atomic theory . he 

atoms of bodies which are eipinalents to m 

action have equal quantities of electricity naturally aso.ciated « " " ■ 

but he straightwav tlinnss doubt on this I rmaii and H K I 

rausch* suggested that loiis are chaiged electrically lliltorf poiiited o t 
that salts, the constituents of nliich acre regarded as having the most ,iowe f I 

aLiities ’are just those .siib-taiices ahicli Inct bcs, in solid (e g 1 ( 1). 

whilst those exhibiting weaker aflmitu's (e g , Hg( I ure muc i ^ 

On Helmholtz- theory, the fiiiidameid.al mine 
F/Vn Nvhere No is the number uf nmleeulf*:' per m«»l. ‘ ^ . 

Ail nnii charge the ekdrou, and made a rough estimate of its magiiitiide 



or ..ooo„ ..e,.,.,,s,,ii, ...t 

28. 1 (too.,; laaoiiz. >«‘ro I, , Sal., .0 

.4n...4r«c/..38.409(19()li)i /■ / i 'Ji 1 no Mtlun of f , roh..„ 

NaNO, to 1 part in 20, (XK). IV.sMin- njt to l-tM. .Un. .lo 

Z. Ekktrochem., 19, 132 (1913). 


‘ .4nrt. Physik, 11, 737 (ISHO) 

‘Treatise on Elt'ftririty, IS-sl, Ait J.».> 
‘ Expt. Re.H.. 1.S.34. 7th StTU-, 2.Vi. 
-’GUbrH's Ann., 8, 197 ilSOD- 
•.inn. Physik, 97, :i97 (lH.'Xii. 

» i<ec under “ Migration of Ion'' 

Proc. Dublin Soc , 3, .31 (hSHl). 
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from the value of A^o given by the kinetic theory of gases. Recent progres^ 
has enabled the determination of to be made with an accuracy of about 0.1 
per cent, as explained in another part of this book, so that the value of the 
electronic charge can be determined with similar accuracy. In practice it is 
better to invert the calculation, starting with the value of the electronic charge 
determined by Millikan,^ viz., 4.774 (rb 0.005) X 10“^® electrostatic units 
= 3.38442 X 10-^° X 4.774 X - 15.9188 X lO'^'^ coulombs. Then: Nn 
= 90,500/15.9188 X 10*^® = 6,06 X 10-^, which is probably the most exact 
value of the Avogadro constant known. 

The electronic charge is capable of independent existence; it always has a 
negative charge, so that a negative ion is one having an excess, and a positive 
ion one having a defect, of electrons, as compared with the neutral atom. A 
})ositive electron in the same sen.se does not exist, since although the mass of 
the negative electron is only 1/1848 that of the lightest atom (hydrogen), the 
smallest positive charge known, equal but opposite in sign to the negative 
electron, is the hydrogen ion, or, according to the prevalent theory of atomic 
structure, the i)ositive nucleus of the hydrogen atom, produced from the latter 
by removal of the orbital electron. Thi'5 fundamental positive charge is now 
called the proton'^ 

in metallic conduction, the metal is assumed to consist of free electron^ 
and positive ions of metal, and the electrons only move, in the op|)osite direc- 
tion to the conventional current. In electrolytes, both ])ositive and negative 
charges move in association with ions, but the current is not usually carried 
equally by both ions.^ 

Theory of Electrolytic Dissociation: It is but a step from the considera- 
tions advanced to the a.ssumption that ions move in a state of freedom, but 
the actual order of discovery reversed this procedure, and the electrolytic 
ions were postulated before it was iiossilde to demonstrate the existence of 
free electrons. Grove, ^ from experiments on the gas battery, assumed that in 
the seiiaration of hydrogen and o.xygen from water no decomposition of the 
water molecule occurred. Williamson ■’ as.^umed an exchange of railicals in 
solutions of mixed salts; he made the assumptimi that, in a solution of hydro- 
chloric acid, exchange occurs between II and (’1 atoms in different molecules. 
It would perhaps be reading too much into his speculations to assume that they 
foreshadowed the theory of electrolytic dis.Miciatiun. C'lausius ® adopted 
Williamson’s theory of interchange of radicals, on kinetic grounds, but he, 
also, assumed it to take place to a very small extent only. This agreed, as he 

> Tlio F.lcclron, ll>17; Phys. Ha., 2. lOU (HM:}). PluL Mnu., 34, 1 (1917), IVrrin, Lvs 
Attinu's, 1921 (Kiin- tr. 192:1), ('hups. Ill uiul IV 

* AccorilinR (o Aston, lsoto])«'s. j). 92, tlu* nuino was hj* Rutherford at the 

British As-soeiatiou MctMiiiK in 1920. 

’See “Mijtrntion of Ions.” In some ea^es practically all the curient is carrieil by one 
ion, and in solutions of alkali metals in non-aipieous sohents, it ma> he (arned 1)> free 
electrons. 

*PhiL Mag., 27, .'MS (.IHlo). 

‘Arm. Chan., 77. :17 (ISf)!): J. Chem. Soc.. 4. 110 (IS.Vi). 

« Ann. P 101, .'IdS UH’)"). 
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pointed out, with the fact that a very K.M.F. only is required to elec- 
trolyze silver nitrate between silver electrodes^ so that practically no work 
was used up in splitting up molecules. 

Arrhenius ^ first assumed that ^alt-' in solution are exknsitrly broken up 
into ions, i.e., electrobjticnUy (Unsociahil, or /of.ced. In very dilute .solutions 
the ionization, which increases with tiu' dilution, becomes in many cases 
practically complete. Thi> theory I'Xidained tlie abnormally large (wmulie 
pres.sures of solutions of electrolytes, and a similar explanation was put forward 
independently by Planck - from another point of vi<‘w. In both cases it was 
recognized that, if the laws of dilute "dlution an* to remain \alid, an incroa‘'(‘ 
in the number of particles im\A liave occurred in the s,,liiiion of an electrolyte. 

This theory, naturally, met with little suppmt from the conservative 
chemist, but although many attempts to bring forward really destructive 
objections have been made, the dexelopimuit of plusics has jiut the theory 
on a very solid foundation. In its most modern form, in fact, the theory 
assumes even the solid salt to be made up of ions, and soim' phvsicists would 
go so far as to assume comph'te ionization of s^lt-. both in the solid ami dis- 
solved forms. The examinatimi of c.r\-tals bv X-rays has imijcat<*d that 
sodium chloride, for example, consists iK.t of NaCI molecules but of Na^ aiul 
(T' ions arranged in a space lattice, ami in solution sucli a crystal would simply 
fall apart into its ions'' Such a constitution of ,s;dt crxstals is in agreeimuit 
with their optical ami (‘lastn* propi>rtiev, and with the tln'ories of atomic 
structure. 

The notation used in representing ions, due to Ostwald,' is to writi' tin' 
symbol of the ion, with a number of dot^ (,r (lashes f(»r the number of units (tf 
positive or negative chargi*, resjiecluidx . caiiKwl bv the ion d’his niiinher 
represent.^ at the same time the xalema' of the nni 'I'lius 

II, SO, ^ 11 h IlSO,' ^ ir I 11 i .SO," 

represmits the progri'ssixe loni/ation of sulphuric acid on the assumption that 
ionization increa.se.s with dilution and lli.it nuis and inolecule.s an* in eluunical 
equilibrium. Ionization max occur in stages, and except at high dilution. 
Usually the first stage only is aj)pieciable The sum of the positive ami nega- 
tive charges on the ions m alwaxs zero, since the solution m electrically neutral 
as a whole. The charged ions in (dectrolx'sis are attiaeted to the (‘lectrodes of 
opposite sign, and gixe up then chaiges. 'I'lie unchargial particles may be 
capable of indciicndent e.xistence. or m.a.x form molecules of the same com- 
position, or may react with the .scdxent to form secemdary products. 

Whether ionization is due smiplv t<» the f.dling afiart of the two parts of 
a molecule on solution, or wliether it m due to the previous mteraelion lietweeii 

'Z. phys^k. Chan., 1, Wl (ISSTi, Haipd « Saaur \u\. t. p. 17 

*.4«n. Phyxik, 32, (ISS7), / phy^d Chan., 1. .777 nKS7; 

’ Cf. B. Cabrera, Aiwl. Fi.' Qumi , 16, IM, dUlS) 

* Grundrisfl der Allgenit'iiien Chemie, l/Cipnit. lUOtl, j) 441, cf. Walker, (him \<ii‘i(, 84 
102 (1901). 
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solute and solvent/ cannot be said to have been definitely decided. Kendall ■ 
adopts the second supposition, and concludes that two non-associated suh- 
stances which are chemically inert do not f^ive a conducting solution. lonizti- 
tion is always accompanied by interaction between solute and solvent Tend- 
ency to compound formation (solvation) and ionization are parallel, and 
ionization in general is supposed to be preceded by compound formation. 
This union of the so-called '‘chemical'’ theory of solution and the theory of 
electrolytic dissociation is interesting and promising, but it does not yet rest 
on sufficient evidence on the non-aqueous side. 

Evidence for the Theory of Electrolytic Dissociation; The theory of 
Arrheniu.s has a good deal of experimental evidence which may be called upon 
in its supi)ort.^ This may be summarized as follows: 

1. The (pialitative reactions of such substances as KCl and KCIOs indicate 
that the reactions of chlorides are due to the chloride ion and not merely to 
chlorine present in the molecule. KCIO3 gives the ions K‘ and CIO3'. In 
quantitative analysis, also, the effects of excess of reagent are explained by the 
theory (see "Solul)ility Product”). 

2 . The additive properties of solutions are clearly explained by the theory. 
Valson showed that the surface tensions * and den.sities ^ of salt solutions could 
be regarded as the sun» of three separate magnitudes, characteristic of the 
solvent, the metallic constituent (kation), and the acid radical (anion). Other 
additive ])roperties were shown to follow the same rule, indicating the separate 
•existence of ions in the solution,® notably the heat of neutralization of a strong 
acid by a strong base in dilute aqueous solutions. Tliis is always 13.6.") 
kgm. cal., the heat of formation of water from ions: 11’+ OH' = H 3 O, e.g., 
II ’ + Cd' + Na ■ + Cl' = Na ’ + Cl' + 11+) + 13.6") kgm. cal. This result has 
been confirmed exactly by the refined experiments of T. W. Richards and 
Rowe,’’ who find that the heats of neutralization of potassium, sodium and 
lithium hydroxides by hydrochloric, hydrobromic, hydriodic and nitric acids 
at 20 °, when extrapolated tfirouyh a short range to infinite dilution, vary only 
between tlie limits 13.62 and 13.69 kgm. cal. 

3. The calculation of the diffu.sion coefficient of a salt from the conductivity, 
and tl)e effect of chlorides on the diffusion of hydrochloric acid,'‘ are in perfect 
agreement with the theory. 

‘ (’iiirnicuvn, Z. physik. Chvm., 69, Uti (1909). 

^ Proc. Nat. Acad. Sci., 7, 50 (191il); KoikIuU juul lloogo, J. Am. Chem. Soc., 39 , 2323 
(1917): Keiulivll and dross, ibid., 43 , 1410, 1420 (1921); KoiuhUl, Davidson and Adler. 
ibid., 43 , 14S1 (1921); Kendall and ,\ndrcw.s, ibid., 43 , 154.5 (1921); Partington, J. Chem. 
.Soc., 97 , 115H (1910). 

* Arrhenius, Furadav Leeture, J. Chem. Soc., 105, 1414 (1914), Gibbs .(ddn'ss, J. Am. 
Chem. Soc, 34 , :153 (1912); Tram. Farad. Soc., 15, 10 (1919), ef. Dhar, Z.'Flcktrochem., 
22, 245 (1910). 

< Am/i. Chun. Phyn., 20, 301 (1870). 

H'ompt. rend., 73. 441 (1S74). 

•Ostwald, Lehrbuoh, vol. 1, “ Saldbsunot n ” 

7 ,/. .4m. Chem. Soc., 44 , 084 (1922); ef He.ss. .laa Phyiak, 50, ;is5. 52. 97 (IS^ii). 

* .\irheniu8, Z. physik. Chem., 10, 74 (1S92). 
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4. The colors of solutious at high (lilutit)n >li(>iihl be lulditively composed 
of those of the solvent and the two ions. Witli an uncolored solvent, such as 
water, and one ion uncolored, all soluti<ms of >al(.s with a common colored 
ion, e.g., all permanganates, should show the "aiiu' ab.^orptiou spectrum. This 
was confirmed by Ostwuld.' 

5. The experimental fact that the ecpiixaleiit otmductance, .\, itierea.ses with 
dilution, but ultimately approaches a limiting ciuistant \alue at high dilution, 
is very simply explained by the theory (-ee later). 

6. The excellent agreement of Ostwald's dilution law {q v.) for weak acids 
and bases is strong evidence for the theory The di'^agre(Mnent of .strong 
electrolytes is a difficult problem, but no .sugge.-tion towanhan explanation 
of the deviation has been made which does not assume electrolytic dis.sociation 
in some form or other. At very high dilutions the law probably hohlN even 
for strong electrolytc.s.^ 

7. The abnormal freezing point depivssioiis for aipieous solulion.s of salt.s 
can be satisfactorily explained by the theorx. Xo\(‘s and Falk* show that 
for solutions not more concentrated th.aii 0 1 n. the ioni/.ation calculated fnun 
tlic freezing point does not dilT(*r from that c.alculatial from conductivity b) 
more than 2 per cent in the case of electiolyfes containing two univident ions. 
Hygroscopic salts with bivalent kations ^how greater <l<>i)re^Mons than calcula- 
tion requires. In a valuabh‘ sm'ie.'' of papers No\e^ and talk ha\(' collecti’d 
the data for freezing point lowering,' transport number^'’ and conducti\ ity * 
of aqueous solutions. In the la.st papm- the \alues of the ionization of tin' 
salts at various dilutions are gixen. Tln‘ ionization is md an mhiitive property 
with respect to the ion coiistituentN and is not related to tin* mobilities of the 
ions. The ionizations at and 25° agree within the limits of expenmmital 


error. 

8. The velocitv of reaction shows that those acids are strongest which are 
most conducting in .solution, ami Ostwald fh.mght that the catalytic activity 
of acids in hvdrolyzing methyl acidatc was projiorti.mal to the conductivity. 
Arrhenius in 1880 showed that the acti\itv was proportional to the If ion 
concentration, but recent work has imalified this view. 

Specific, Equivalent, and Molar Conductance: 'Fhe relation between resist- 
ance, current, and prcs.sure (potential difTcrence between the end.s of a con- 
ductor) was summarizeil by G. S. Ohm ^ in the well-known law. If H is the 


physik. Chrm , 9. .09 (1S92), O papn- l.y Housmun 

Cochrano and Gray in Pror. Hoy. . P<ln. , 1910 1911 Wr.^ht. ./ ^ /k... . 103. 

(1913): 105, tg)9 (1014), fiials that strong ... els .x-rt (he .surno al^u.n.t.vc p..wor on mht 
their salt«. whilst .cak aed.s (hide d.sM.c.aU.P ..fin. sh.o. im-at /l mm ■ 

peered. Sec als.) the mt ere.st ms papers ..f .<.h:.fer. / _97. Zs.,. 98. .0 (I 119). 

Z. physxk. Ch.m . 93, 312 (1919). and Ilant/.s-h. /hr .50. 

» Washburn and Weiland. ./. dm- G/.rm .Vr . 40, Ml. b.l (l-MK) 


*J. Axn, Chem. Soc., 34. 4.>1 (1912). 
*J. Am. Chem. Soc , 32, 1011 ilOlOo 


^Ibid., 34. 4.54 (1912). 


33, 1436 (1911). 

^Die gulvanische Ketle. n.ath.-inatJ.s. li |K-.,rb.int. Ihrlin. . 
term " re.si.stanee,” but speak.s of reduf.*'! lenuths <> .<ni i t >r 


he d.rt't* not )l»e the 
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resistance, E the electric pressure, and I the current, then E = kIR, where k 
is a factor depending only on the choice of units and can be made equal to 
unity. The International Ohm is the unit of resistance and is defined as the 
resistance offered to an unvarying current by a column of mercury at the 
temperature of melting ice, 14.4521 grams in mass, 106.300 cm. in length, and 
of constant cross section. The International Amphe is the unit of current and 
is defined as the unvarying electric current which when passed through a 
solution of silver nitrate in water, in accordance with specified conditions, 
deposits silver at the rate of 0.00111800 gram per second. The International 
Volt, the unit of electric pressure, is then defined by Ohm's law as the electric 
pressure which, when steadily applied to a conductor the resistance of which 
is one International Ohm, will produce a current of one International Amp6re. 

If a conductor of length L cm. and uniform cross section A sq. cm. has a 
resistance R, then r = RA IL is called the specific resistance, or resistivity, of 
the material of the conductor. The conductance is the reciprocal of the re- 
sistance, and the specific conductance, or conductivity, of the material is 

/f = 1/r = L/RA. 

Thus 

R = Lr/A = LIkA. 

If a liquid is contained in an electrolytic cell, and if k - C/R, where R is 
the resistance of the cell, then C is called the cell constant. It may be de- 
termined with a liquid of known conductivity in the cell.^ 

If the cell is a cylinder of length L and section .1, and if the electrodes fill 
the section completely, then C ~ L/A.- 

As standard liquids Kohlrausch •' recommends a number of solutions, but in 
many cases these are suitable only for approximate work. The standard is 
normal potassium chloride solution made up from 74. o.').") grams of pure KCl 
weighed in air and diluted to 1 litre at IS®. This should have a density of 
1.04492 at 18°.' x = 0.09822 at 18°. 

Other solutions of KC4 prepared by dilution of the normal are ?i/10, n/50 
and n/100, with conductivities of 0.01 1 19, 0.002397 and 0.001225, respectively, 
according to Kohlrausch. 

Equivalent Conductance : The conductivity of a solution depends on its con- 
centration. The equivalent conductance, A, is defined as the conductivity 
divided by the concentration, y, in eciuivalents per cc. (not per litre), A = x/rj. 

* The cell constant ai)i)lie.s only to a particular teinporatvire, Wa'?lihurn, J. Am, Chem. 
Soc., 38 , 2431 (1910). Schlesinjjer and Head, dud., 41 , 1727 (1919), state that C should be 
detennined with solution.s coveriiiK the whole raiiKO of conductances to be measured with 
the cell. 

® Kohtrau.sch and Holboru, LeitAormoKcn der Elektrolyte, 1916, p. 12. 

5 LeitvernioKcn, p. 70 tT. 

* 5Vashburn, lov. at., detennines cell con.'.tants with a solution of 7.43000 grams KCl 
in loot) grams of solution (weight.s in air); ^ at 2.>° = 0 01288; at 0° « = 0.00715. Kraus 
and Parker, J. .4m. Chem. Soc., 44 , 2422 (1922), propose to take 0.1 KCl with k = 0.011203 
at 18® from Kohlrausch and Mallhy’s results, and find then k at 25° = 0 0128988. Graetz 
in Winkelmann’s Physik, IV, i, 331, gi\C3 weights in racuo. 
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The reciprocal of concentration, = l,»j, is calleil the diluiion. The name 
equivalent conductance is due to Lenz.> 

The molar conductance, n, used by Ostwald, is defined as the conductivity 
divided by the concentration c in moh. per litre: ju = k 'c. In makinR use of 
the values of n given by Ostwald and by H. C. Jones ami his co-workers it is 
necessary to remember that they are ba-^ed on the Siemen> resistance unit, 
and require multiplication by l.OGG to reduce to reciprocal oliius. 'I'liey have 
been recalculated by Kohlrausch.- 

If a volume of solution containing one ciiuivalent of solute is poured into 
a cell formed of parallel plates one centimeter apart, the conductance will be 
eiiual to the equivalent conductance. For, the lupiid may be dixided into v’ 
cubical cells each of unit volume, and each mil have the ^pecllic conductance 

Thus the total conductance will be: K's? = = A. 

For good conductors the influence of (he coiuluctixitv of the sohent itself 
may be neglected, but at high dilutions it i^ uMial to .subtract the conductivity 
of the solvent, ko, from the t(*tal comluctnity, and to .leline A a. [k - 
0>twald ' in 1885 pointed out that thi^ lea<ls to imp<.ss,bl(‘ \ahies in the case 
of acids and bases in dilute Kiluti.ms, and .suggested that this xxas due to 
chemical interaction between the .M.lute ami impurities m the xsa er his 
makes the determination of eipiivalent coiMluctauces of acni.s and bases in 
verv dilute solutions a matter of very c<mMdorabh‘ <lithculty. 

The values of A so far .letermined, uith the exception of very » 

.re collected in Kol,l^au^ch n,nl I In^: , M 

More recent detenninutions l.nve be.-i, nnnle by No>.- , 

Slonne/ Kato,« IMine and Kvan.,- Wonnann.- Muller " II, . .Ion a 1 Inu 
co-workers, '= Tucker,'* Sachannv," liray and llnnl,'^ de l,cnai/.an aiul . . y, 


M 1 1 '''s 1 ' , 


\nn. 


160, I2.i lUOJ. t(i7 ff , 11 iHUht iiUo Im* 

M...itvi'rn„w<.n al-o ,„„l u„..-, all 

rnnc'inlx'rcd that dilTerent xalue> of tl. * ‘ Ku1,1,.ui-< !.. /. 

afTcct the results. On corr.itiun f..r alo.i.u Moalit- 

ft \i M il^M'. K'.lilt.uiM li. \iin. 

= Arrhenius. Ihh Sun^k. Ah»l Ihn.ll , ^ ' 

26, Kil (\SSo). This juomiure vmII Ik- di- I I '*' > 

*J. prakt. Chun., 140. .‘tOO ( 1 SH-'O ■ 

^ /. Am. CVirm. Nor., 31.0S7(1001». 

» Ihnl., 33, 79.) (1911). 

■ Ihui., 32. 9 m (1910). at O^ 

• .W,a,. Coll. .Sn. K„o. K„olo. (inuH) Huai. I" 

9 Proc. Ciiv,}>r. Pfnl. Soc . 18. 1 (1911). 

A/m. Phymk, 29, 111, 02.1 (19(H). 

oM. 6'oc. r/o/a., 11 . 1W)1 (1912). r.,s (1010) 46. .70, :iOS ( 191 D . 48. 

«r,„. 7 . «, -'-o 37. cncu mv.n z. 

.700 (1912): 50. 1 (19i;i). 49, 20) (1.>1-P. a. - 


, 37, 2020 (191,7); Z. phynik. 


CVit/n., 46 , 24-1 (190-1). 

Proc. Phyn. Soc. London, 25, H (l,)l-3)- 
'<Z. Elcktrochern., 19, 5Hh (lOliJ). 

J. Am. Chem. Soc., 33, 7S1 (1911). 

'* Tomp/. rend., 173, 227 (1921). 
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Lorenz and Posen/ Werner and MioJati/ Svanberg/ and Rabinowit^ch.^ 
Older work is that of Ostwald on organic acids “ and of Bredig on organic 
bases.® 

Experimental Determination of Electrolytic Conductivity; Many at- 
tempts were made to determine conductances of solutions before a satisfactory 
method was found. Apart from errors due to insufficient attention to the 
effect of temperature, the chief error in older work was that caused by polariza- 
tion of the electrodes. When finite deposition of ions on the electrodes occuiv 
a cell is set up, the electromotive force of which opposes that driving current 
through the solution. Unless a pressure in excess of the force of polarization 
is applied to the terminals of the cell no current flows, whilst according to 
Ohm’s law the smallest applied pressure should lead to the corresponding 
current. As a final result of experiments it was shown that, provided polariza- 
tion was eliminated, Ohm’s law is accurately followed, and electric pressure 
and current vanish together. 

Direct current measurements were made by Ilorsford,^ who passed a 
current between two electrodes in a rectangular trough, and then moved them 
closer together. The current increased, but by inserting a wire in series it 
could be restored to its original value. Horsford assumed that the effect of 
polarization was the same in both positions of the plates, and the resistance 
of the wire then gave that of a column of liquid equal in length to the distance 
through which the plates were moved nearer together. The method was 
improved * by using electrodes of the metal present in solution, when polariza- 
tion was reduced.® Further improvements were made by Beetz‘“ who u.sed 
amalgamated zinc plates in zinc sulphate .solution, when polarization was 
almost eliminated. In the method due to Fuchs” a constant current is passed 

‘ Z. anorg. Chan,, 96, HI (191ft). 

phgaik. Chem., 12, ;15 (1893); 14, 606 (1894). 

* Medd. K. Vcte7iakapsakad. Nobel Inst., 3, No. 2ft (1918). 

*Z. physik. Chem., 99, 3.38, 417 (1921). 

*Z. physik. Cfum., 3, 170, 241, 309 (1889). 

* Ibid,, 13, 289 (1894). Many organic aci<l.s were measured by WcRscheider, Monatsh., 

37, 219 (191ft). See Soudder, Electrical ronductivity and Ionization Constants of Organic 
(Compounds, London, 1914, and the collected monographs of Jones and Noyes in the Carnegie 
Institute Reports. Work at high temperatures, see Noyes, Melchcr, Cooper and Eastman, 
Z. physik. Chem., 70, 336 (1910). .\ complete, critical, set of tables of conductivity results 

is still required. 

''Ann. Physik, 70, 238 (1847); Malmstrorn, Z. physik. Chem., 22, 331 (1897); Chris- 
tiansen, Chem. Soc. Abstr., ii, 9 (1921); Morgan and Ilildburgh, J. Am. Chem. Soc,, 22, 
304 (1900). 

* G. Wiedemann, Ann, Physik, 99, 177 (1866). 

“Cf. W. Schmidt, .4mi. Physik, 107, 539 (1859); R. Lenz, Bull. Acad. Petersb., 22, 439 
(1876); Ann. Physik, 160, 425 (1877). 

/Inn. Physik, 117, 1 (1862); Tollinger, dnd., 1, 510 (1877); Paalzow, ibid., 136, 489 
(1869); Herggren, ibid,, 1, 499 (1877); Freund, xbid., 7, 44 (1879). 

“ Fuchs, Ann. Physik, 156, 156 (1875); Bouty, J. de Phys., 3, 325 (1884); 6, 5 (1887): 
.Inn. Chim. Phys., 14, 36, 74 (1888); Sheldon, Ann. Physik, 34, 122 (1888); Rasehorn, 
Diss., Hallo (1889); Newl>ery, J. Chem. Soc., 113, 701 (1918); Mane and W. A. Noyes 
Jun., J. Am. Chem. Soc., 43, 1095 (1921). 
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through a solution and the drop in potential between two points mea>ured by 
secondary electrodes connected with an electrometer, lloutv u.sed zinc rods 
in solutions of zinc sulphate as subsidiary electrodes; recent experimenters 
(who appear to think the method new) use calomel (Newbery) or hyilrogen 
(Marie and Noyes) electrodes. The method is capable of some accuracy, 
but has no special advantages. ’ 

Stroud and Hender.son used two narrow tubes of ecjual dianu’tc'r but 
unequal lengths as two anna of a Wheatstone’s l)ridge, the other two being 
compo.sed of equal coils. Re.sistance was added to tlie shorter tube till tlie 
bridge was balanced. The assumption is made that the elTeels of migration 
and polarization are equal in the two tube>, and the add('d re.sistance is then 
equal to the resistance of the liquid column eipial in length to the difTcrence 
between the two tubes. 

Beetz* eliminated clectnulos altogethei by making use of currents iiidueed 
in the liquid by a moving magnet. 

The most satisfactory method of eliminating polarization is the use of 
alternating currents of .sufficiently high frequency.' This is combined with 
the use of electrodes coated with platinum black/ which expose a large .surface 
and .so reduce as far as po.ssible the surface density of the ions d(‘j)osite(i, to 
which the E.M.F. of polarization i.s proportional 'I'he platinum is deposited 
on the electrodes from a solution of 1 gram of ehlornplatinic acid and 0 (MIS 
gram of lead acetate in 30 cc. of water TIk' electnxlt's are immersed in this 
and current from two accnniulators passed baekw.iids and forwards IxU ween 
the electrodes, w'ith rever.sals eviu’v few' minutes. A resistance is inserted so 
that a gentle evolution of gas occurs, and a lino deep black coating of pliitimim, 
free from lead, is dcpo.sited. The electrodes ar<‘ then immersed f(»r some 
hours in warm distilled water, freipiently changed, to reino\e adsorbed salt 
If the electrodes are allow'cd to <lry, they are afterw.ird.s wetted with dilficnlty; 
they may then bo waslied with ahsolnte alcohol and then with water, but are 
best kept standing in water. In the ease of alcoholic solutions, and solutions 
of cobaltammino salts ^ oxidation inav occur, and unplatinized |)i:itinum is 
then used. Whetham ® reduces adsorption of .salts from dilute sohitioiis by 
heating the platinized electrode to leilness, when a grey .surface is obtained, 
non-adsorbent, and sufficient to prevent |>oIarization. In accurate work with 

n^hil. Afag., 43, 111 (lS97h Pr<>r. Sor. l.nwlon, 15, l-t (lS97i, Walvm, I'mdifvil 
Physics, London (190.H), p. 4H1. 

*Ann. Physik, 117. 1 (ISG2), Culhra- and Unjs. /Vo/ , 10. dliS (IHsOj. 

*F. \V. Kohlrausch and Nippohlt, (inttn,,/ A.ir/.r,, 41.'') (IWihJ. 1 flHOU), .Iroi. riiyxik, 
138. 280, 370 (1809), .Smith and Moss, Pnn I'hys .SW. London, 25, \.U (191.3). Taj lor ami 
Acree, J. /Im. Chetn. S’oe., 38, 2.39(1, 210.3, 211.7 dOUo. Tajlor and Curtis, Phyn. Htr., 6, 
61 (1915). 

W. Kohlrausch and ('.rotrian. GoUmg Sa<hr , 40.7 (1.S74). .!/.», Phynik, 154, I, 
215 (1875): Luminer and Kurlhaum, IVr/i Ihvt. Phyx. Go,, 14, .70 (1.S0.7), WuMi. Ann. 
Physxk, 58, 57 (1896). 

‘Partington. ./. Chem. .SV , 99, 1937 (1911), Lorenz and IWn, Z. onory C/om., 96, 
81 (1916). 

^Phil. Trann., 194, .321 (1900). Kellner, .Inn. Phy«ik. 57. 79 (IStMi). 
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a series of solutions, the dilute ones should first be used, as, otherwise, salt 
adsorbed from the stronger solutions tends to come out again into the dilute 
ones. The electrodes after a time require replatinizing. The preparation 
of the platinum foil for the electrodes, which should be free from iron and 
calcium, is described by Kohlrausch.* 



Conductivity Cells: Numerous types of con- 
ductivity cell have been described,* but for ordi- 
nary measurements the writer finds the cell shown 
in Fig. 2 satisfactory. It can be made in differ- 
ent sizes, with the space between the electrodes 
suited to the electrolyte. Cells with sliding elec- 
trodes, or electrodes easily distorted, should be 
avoided. The electrodes arc of stout sheet plati- 
num, with platinum wires welded on and covered 


with glass inside the cell. The side tubes contain a few drops 


of mercury to make contact with copper wires, prolonged by rub- 
ber tubing so tluit the cell may be placed in the thermostat. 
The cell is filled almost to the stopper, which is then firmly fitted 
and covered with a little Faraday cement. 

Dipping electrodes. Fig. 3, are often convenient. The plati- 
num wires and electrodes must be stout, so that they are not 
displaced by tlie liiiuid. All cells should be of good glass; Jena 
16 III is not attacked by water and seals directly into platinum. 
For special work metal cells have been u.scd.^ The design of 
conductivity cells has been considered in detail by Washburn.^ 
The area of cross section must not lie less than a fixed value 
determined by: (i) the audibility current in the telephone used 
as indicator, (ii) the conductivity of the liipiid having the maxi- 
mum desired resistance in the cell, (iii) the density of the liquid, 
(iv) the heat cajiacity and temperature coefficient of resistance 
of this liquid, and (v) the percentage accuracy demanded in 
the measurement. It does not depend on the distance between 
the electrodes. When the heating effect of the current is brought 
into consideration, the rc.sistancc of the slide wire and tele- 



3. Dl])- 
j)inK El(‘c- 
trodc CeU 


‘ Loitvt'niKtKen, p. II; platuiizod rlecfrodea, soo J. Pfuum ('him., 21, 

311 (1920); oiToct of platmizin);, T!i\lor and Acree, J. Am. Chim. Soc., 38, 241.t (1910); 
the effect of frequency on the apparent resistance decreases a.s the area of surface exposed 
increases. There is a specific relation l)etwcen the electrolyte, the electrode material and 
surface, and the channo of capacity and resistance with frequency of the alternatuiK current. 

* Kohlrausch, LeitvermdKen, p. 12 ff.; Rico, J. Ind. Eng. Chem., 12, 1202 (1920); Miles, 
Proc. Roy. Soc. Etitnh., 35, 13H (1915); Acree aiul Robertson, J. Phy». ('hem , 19, :iSl (1915), 
Robbins, J. Aw. Chem, Soc., 39, (VIG (1917); theory of design of cells, Washburn, J. Aw, 
Chem. Soc., 38, 2131 (1910); Leeds and Northrup Catalog No. 48 (1919), other cells, J. 
and G. K. Gibson, Proc. Roy. Soc. Edinh., 30, 254 (1910); IIill and Sirkar, Proc. Phys. Soc. 
London, 83, 130 (1909) (wax cell for HK). 

• MeUain and Taylor, Z. physik. Chem., 76 , 179 (1911) (silver); Bowden, J. Chem. Soc., 
99 , 192 (1911) (silver); Noyes and Coolidge, Z. physik. Chem., 46 , 323 (1903) (platinum); 
Kato, Mem. Coll. Sci. Eng. Kyoto, i, 332 (1908) (platinum). 

*J. Am. Chem. Soc., 38, 2430 (1916). 




CONDUCTANCE, IONIZATION AND IONIC EQUILIBRIA 517 


phone and the time required to make a bri(Jp:c ."Otting also come in. Wash- 
burn has devised certain types and sizes of cell, adapteti to measurements 
with (a) water or very dilute solutions, {b) dilute solutions, (c) concentrated 
solutions. As finally set up,^ the.se are shown in Fig. 4. Those of type (a) 



have electrodes which are unplatiiiizeil, tlew .if tvpc (h) hau' huht ly iilaliMi/.ed. 
and those of type (c) heavily platinize, 1. eleelnnles. lie limine lea, s 
connected with the cell hauls l.y a pair ,.f inen-urv cup. ,hppmt m ,■ H h. 
containing the cell, to prevent How of heat he, «,■,•„ he if ';; ' " 

The cells are of the pipeKe ty|„,, lln- ,'n.l. of th,, inl,‘t t,d,,. h'n.g 

covered with ground glass cap>> ,, , 

Jena glass is sufficiently resistant for all solnl.ons ma.lc np 
in air; in such C'lls coinhictiMty \\al,’r with a spiain, ' ^,.^.11 

X 10-6 ohm'-i can be kept 12 hours without change, ami e\en .ift r 
X 10 ohm can I) ^ „ , , , c mtamination in this case 

weeks does not rl^e above O.h X U) 

certainly coming from the atiim-pheie.- a um j 

needle.ssly ostentatious except for the comluc nih of t ! ^ of 

cells should be carefully annealed and aged befoi. use ^ 
temperature lead to thermal strain, which alter the di.tami IkIw.mi 

'''Thfy^ternating Current: The alt, unain,« cnrr.aa^ 

a small induction f .hinensions of the 

tsuch cods are specially supphed. 11.^ 

cure as 8 cm. long and 1 cm. thick, ' ,„con,lnr,v. 

turns of O.o mm. copper primary an, - |,,„„m,,r is the 

One accumulator with a t|,c one siipplie,! hy a 

most important part; it is oltm . .|„„||,| l„- well platinircl. 

spring giving the right hnee, hilt it 

batisfactory results are onh attainc 

> Leeds and Northrup Catalou N‘>. f.’ 

> Kohlrausch, Ber., 26. 2U9S ClN9:b: -f-* ; * ‘ 

* Washburn, J. Am. Chem. Sor , 38, - ' ■ 

* I^eitvermbgen. p. 20. 
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unnecessary except for the work of highest precision to use any other source of 
current.* 

Stretched horizontal steel wires have been used * instead of hammers, and 
high frequency apparatus is described by Nernst.* These may be regarded as 
superseded by the valve oscillator. In the work of Washburn < a high fre- 
quency generator giving a pure sine wave current of single frequency was used. 
The Vreeland Oscillator ^ generates alternating currents having a pure sinus- 
oidal character and a constant but controllable frequency. These are ex- 
pensive. The use of a direct current with a rotating commutator and galva- 
nometer has been recommended: * when it is used, the resistance must remain 
constant when the speed is varied, or the ratio arms of the bridge changed by a 
constant multiple. Hall and Adams and Miller’ used the thermionic valve 
as a generator of current of high frequency. The connections are shown in 

Fig. .5. The conden.sers C\ and G con- 
trol the frequency, one being of small 
capacity and continuously variable and 
the other variable in steps of 0.005 
microfarad. “Generators of this type 
may be made to yield a current of from 
a few tenths of a milliampf^re or less 
to 25 ampfires and with a frequency 
varying from half a cycle per second 
to 50 million cycles per second.” At 
frequencies below 1000 cycles, a trouble- 
some first harmonic is present. The arrangement for amplification, when a 
very weak current is sent through the cell, is shown in Fig. 6.* 

The thermionic valve may be regarded as displacing the more expensive 
apparatus noticed above.'* 

‘Various typos of curront i»roduccrs, Tujlor and vVeree, J. Am, C/icm. Soc., 38, 2390 
(1916); tlieir judninent of tho Vredand oscillator may now be revi.scd in the light of Hall 
and Adams' u.so of the valve oscillator (see below). J. C. Ghosh, J. Am. Chem. Soc., 36, 
2333 (1914); 37, 733 (1915), finds that an alternating current superposed on direct current 
reduces polarization; thi.s had previou.sly lieen described by Heitlinger, Z. Eleklrochem., 20, 
261 (1914), and by Wartenberg and Archibald, ibid., 17, 812 (1911). 

* Meldo, .'ln«. Physik, 24, 497 (1884); Wien, ibid., 42, 593 (1891); 44, 681 (1891); Nemst, 
Z. phiisik. Chem., 14, 622 (1894), Rubens, Ann. Phyeik, 56, 27 (1895); Orlich, Elektrotech'i, 
Z., 26, 602 (1903). 

» Ann. Physik, 60, 600 (1897); Cohn, ibid , 21, 646 (1884); Erskine, ibid., 62, 454 (1897); 
Nerust and Lerch, ibid., 15, 8.36 (1901). 

*J. Am. Chem. Soc., 38, 2431 (1916). 

‘ Leeds and Northrup Catalog No. 48 (1919), p. 14 f. 

* MacGregor, Trans. Roy. Soc. Canada, I, 21 (1882); Fitzpatrick, lirit. .Am. Rep., p. 328 
(1886); Whetham. Phil. Trans., 194, 321 (1900); Pfieiderer, Z. Eleklrochem., 19, 925 (1913). 

7 J. Am. Chem. Soc., 41. 1516 (1919). 

* On sensitivity of telephones see Wasldmrn, J. Am. Chem. Soc., 39, 235 (1917). 

•Theory and descriptions of thermionic valves: De Forest, Eleciridan, 73, 842 (1914); 

Eleclr. World, 65, 465 (1914); Langmuir, Phys. Ret., 2, 450 (1913), Crn. Elertr. Rev., (May), 
327 (1916): Armstrong, Eleclr. World, 64, 1149 (1914); Van dcr Bijl, Phys. Rev., 12, 171 
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Current Detector: The most satisfactory ijistrunuMii for tlie detection of 
alternating current in bridge measurements is the telephoned introduced by 
Kohlrausch. For ordinary work the writer finds the old long Bell telephone 
usually much better than the flat type. The choice of a good telephone is 
essential, and some slight adjustment is often required. A common trouble 
is iron particles between the disc and magnets. Ab.Milute \anishing of the 
sound is never attained, but a well-defined minimum should be got if all i.s in 
order. The resistance of the telephone may be about B) ohniv ordess, and the 
remaining resistances adjusted accordingly. The use of (‘lectrodynamoinetiTS 
and vibration galvanometers ^ is not recommended. ^ 



Resistance Bridge: A Wlieafstone bridge MrniiiKciuciit of ordiiinry t,v|ie 
may be used. For or.linary work a suupic .drolobod wire of O""' 

pkatimim-iridium, with a knife-edge tappingcoidacl.i^.Milbcient. 1 u (od 

elcpbone are connccte.l with a plug resistance l.ov a- known -M'' ' 

the cell, as in Fig. 7. The wire may also be I on an ^ 

drum, with a wheel c.mtact.' The wire must be care ully cabbr.ite.b 
re.sistauce boxes arc cunvenient. \ern-t ‘ recommends the use of » ' 

liquid resistance.s of uegligdde Ion oelbcent to ^ ; 

trilytie cell, when the bridge arraugeumut 

readings are obtained. The .solution ci>iilain' ' " . , ,’|,||„.|jviiy 

of boric acid, and O.Oli gram of pota-smm cldor per litre. Its condnclml.y 

at 18° is 0.00097 olim.® 

(1918): Latour. EUtnnnn, 78. 2SO (1910. C'xuhr Hur. St.n.l , 7^. 200 (1910, ' onunK. 

Prof. Roy. hist., 23, 101 (102:i). ^ j.rcciMfm of 1 in 10’ nni 

1 Washburn and Parker. ./. .1»». ^ rciobe.! in 

bo attained with a tdephono w Uh an .n ( > ^ ^ rlisfUHHod. Soo aNu 

telephones of moderate pnee 1 nmin? <> 

Ra>leiKh, Phil. Mag . 1H94, 38. 2S... 'uh.mes with adjontahle inagnetM are 

* Kohlrausch, LeitAermogcM. P 10 i J 

now obtainable. . r wiKHUi- 16 177 (189.',); U‘Uverm.,gen, p. 41. 

* Kohlrau.sch, Ann. Phjmk, 11. ( j precision bridges, I/)edH and .Northrop 

« Kohlrausch. Leitverndgen. p. 45. bee alsr., i 

Catalog No. 48 (1919), p- 21 f. , , rg riuQ())_ 

‘2. physik. Chem., 14, 022 (1894). . co-workers. Proc. K. Akod. 

»On such solutions 8e<> numerous papers .> 272 (1915): 

Iivi™,. Am,lndav,. 15. 2111 11912). 7 rm. r JO. 
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If resistance coils are used they should be bifilar wound so as to neutralize 
self-inductance, but as this introduces considerable capacity in large coils 
(1000 ohms and over), the latter (only) should be wound by Chaperon’s 
methoeV i.e., in simple layers but each layer in the reverse sense to the preced- 
ing. The box should have coils of, say, 30, 70, 200, 700, 2000 and 7000 ohms. 
The resistance taken from the box should bring the slider to about the middle 
of the bridge wire in making the balance. If an electrodynamometer is used, 
the connections are shown in Fig. 8; one coil is put in series with the induction 
coil I, and the other diagonally across the bridge.* 
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Fid. 8. E.xpprinieiitiil ArranKCinont for 
Conductivity Measurements usinK 
Dynamometer 


The method of carrying out the conductivity measurement is simply to 
adjust the resistance in the arm opposite the cell till the minimum sound 
is heard in the telephone. The bridge is then regarded as balanced. The 
sources of error in Kohlrausch's method have been studied by Washburn and 
Bell,® and an improved technique for solutions between O.OOl n. and 0.000001 n. 
evolved. A high frcipiency generator replaces the coil, and special resistance 
units in the box are made by sealing platinum wires into the ends of a glass 
rod and connecting them by a film of platinum deposited on the glass. A 
tuned telephone and an extended bridge wire are used, all measurements 
being made about the middle of the bridge. The precision reached with all 
solutions from pure water to 0 n. was O.Ol per cent, which can be extended to 
0.001 per cent nith care in most cases. In a later pa per, ^ it is stated that an 
induction coil has a unidirectional component, and its time integral is not zero, 
leading to some polarization ; it is also impossible to keep the frequency constant. 
A telephone tuned to the frcipiency used ® must also be employed: various 
methods of tuning (mechanical, electrical and acoustical) are described. The 
paper condensers used by Kohlrausch (see later) are unsuitable for very 

35, 211, :K)9 (191(1): 36, 197 (1919) ; Proc. K. Akad. HVltn.'*. .Iwsf* rr/dni, 18, 1647 (1919); 
21, 907 (1919); fitc. Trav. Chin,., 37, 130, 144, 192, 19o, 179 (1918), 39. 178 (1920); 40, 
508, 574 (1921). 

^Compt. rend., 108, 799 (1889); J. de Phys., 9, 481 (1800), ( urtis find Grover, Bull. 
Bureau Stand., 8, 514 (1911) (improved method). 

'I Cf. Acrce and Taylor, J. Am. Chem. Soc., 38, 2403, 2415 (1919). 

» J. Am. Chem. Soc., 35, 177 (191,3). 

* Washburn, J. Am. Chem. Soc., 38, 2431 (1916). 

» Ibid., 39, 235 (1917). 
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accurate work. They are replaced by air or mica condensers.* A fre(iuency 
of about 1000 per sec. is recommended. 

Conductivity Water: Very pure water is es^ontial for conducli\it> work. 
The same applies, of cour.se, to other solvents n^pd The purest water was 
obtained by Kohlraiisch and lleydweiller ^ and had a specific conductance of 
only 0.043 X 10~® ohm''* at 18°, but \erv special precautions liad t(» he used to 
obtain only a few cc. of this water, and the operation has never been repeated 
A\ith .success since.'’* 

Water was distilled backwards and forwards foity-two times in a \acuum 
at a low temperature, and collected directly in a plass ccmduetuity cell which 
liad been kept ten years filled with conducti\ity water to remove tiaces of 
soluble matter from the glas.s. In air, the conduct i\ it v ol the l)est water 
rises to at least 0.7 X 10“**, chiefly owing to dissolved cat bon dioxide, and a 
good water for general use may be taken as one alxmt 1 X 10 “. Water 
prepared and stored in an atmos])here of pm died air inav be got down to 
0.00 X 10-**.' 

A very large number of methods of preparing condiietiv itv wat(‘r have been 
proposed!® The writer finds that w.ater as g..od as that furnished bv most of 
the elaborate stills is obtained by simple distillatimi, fioin a gla.ss retort, of good 
distilled water to whicli a little pota.ssium iiermaiigaiiafe has been adde.l, and 
condensing in a Jena glass tube litte.l indde a I.n-big’s conden.ser. the (mrks 
being covered with tinfoil The first distill.'ite n lejecled till ;i test wit i a 
conductivity cell gives not more than 1 - ‘> X IM « ohm *. The most, cui- 
vcnient laboratory still for conductivity water he h.is found to lie tin' pan still 

of Jfousfield.** I 1 

The Wiitcr is ke|.t in stonnicl-out cl.i.s c.r imreehi.n v.'.-els, ■ Imtttes 

cated inside with melted parallin wax have hecn rec.nnn.eii.led.^ I he t.niiper- 
ature cncfficient of conductivity water is ahoiit per eent per I (.. 

The Water Correction; The correction of the measured value of the eo i- 
.luetivity for the conduetiMty of the water ha. already heen mentioned I he 


' Leeds and X..rlliru|, (-•ataloi! No '' K..l,liau-el, and lie. ,|weill.T, 

•Kohlrausch, Ann. I’hyHtk hunn.nwj'. > . • ,,,, 

.1,01. Physik, 53, Ml (INM). KoWra.i-.ti. Z /.t,/-,/. . «■ ' ' ' 

‘ Nemrt informed ll.e writer llial I.e l.a,l ", I" 

• Washburn, d. .lm Cl I'll,.,. a an.l Miokay. Z. 

''y'y'-;';; 5 ., icc 

arm., 21, M7 (Is'.lli) 'y’'."- . 1 , 0 ,. rl.y-k. «, 7:1:, (isdui; 

(ltS94); Nernst, Z. ( hnn., 8, ( ■ , >, (1hs 7) Sdiii’k, Z. 

Paul, Z. Ekktrochcw., 20, 179 (lUH). r/,',;; .sw 44. 2108(1922); llart- 

phy„k. Chem., 42. l.o ( 190 . 1 ); Kraus .ukI ^ 

by, Campbell and P.tole, ./. t hrnu S>r . 93 - . ^ ^ Kcrulall. J. 

dUlon, ibid., 103. 791 (1913), Clevcnner. ./• I'nl Euj . 


CAm. Sot , 101, 1275 (1912). 

« J. C'/iem. iSoc., 87, 740 (190.3), 101, (131-) 


wiipplu-d, the tin tub) i« w')in‘ ti(j)("i 


soldered and useless. 

■ Kohlrausch. LcitvernidKcn, 113 ff. 



522 


A TUBAmF ON PHYSICAL CHEMISTRY 


water correction has been discussed by Kendall/ who concluded that if chein.u 
cally pure water were available no correction would be required. Washburn - 
does not agree; even with water of conductivity 0.04 X 10~® the correction 
is 0.3 per cent at 0.0001 7i. and that at 0.00001 n. is 3 per cent. With O.Ofi 
X 10“® water the corrections are not much larger. The advantage of ultra- 
pure water is not the elimination of the water correction but elimination of 
uncertainty as to the appropriate method of applying the correction. 

When very pure w’ater stands expo.sed to air it dissolves carbon dioxide 
and its conductivity rises, at first rapidly, then more slowly, until a maximum 
is reached at about 0.8 to 1.0 X 10~®, when the water is in equilibrium with 
the carbon dioxide in the atmosphere.^ This may be called “equilibrium 
water.” If solutions are to be exposed to the air, such water is better than 
the i)urest water as far as constancy of conductivity is concerned, but equi- 
librium water is just as difficult to maintain at a constant conductivity as the 
purest water.** 

Washburn has described methods of correcting for the dissolved carbon 
dioxide and for salts, but he emphasizes ® that some uncertainty attache.s to 
the correction on account of: (i) the magnitude of the correction; (ii) the 
proportion of conductivity due to CO 2 ; (iii) the nature of the products of 
hydrolysis and other impurities than CO 2 : (iv) difficulty of keei)ing the water 
constant in composition. He points out that his rc'sults are not in agreement 
with those of Arrhenius,® who found that the carbonic acid correction for the 
salt of a strong acid and base (sodium chloride) dissolved in ecpiilibrium water 
at 18° is negative in sign, starting at zero for high dilutions, reacliing a largest 
value of — 0.1 per cent at 0.0001 /?., and then fulling away to zero at higher 
concentrations, whereas Washburn's correction is positive in sign and should 
increase continuon.^ly with dilution, reaching a ma.ximum value* of only -f 0.016 
per cent at high dilutions. This refers to carbonic acid as the only imi)urity 
and the equation is: 

- 1.15 X 10®a^-./A„,co,h:„ 

where Pm — percentage correction to be added to the conductivity (.'specific) 
after the usual water correction has been applieil, viz., to k (solution) — kq 
(water); kw = specific conductance of the water; K, = a*'c/(l — «) for the 
Ajjjco, = equivalent conductivity of II-A'Os. E.g., with 0.00005 ?». KCl, 
K, = 0.0210; a = 1; = 353; hence if Av = 1 X 10"®, = 0.016 

per cent. 

If saline impurities are present also, the correction is larger, and Wa.shburn 
proposes a total correction of Kohlrausch’s data of -f 0.02 per cent at 0.0001 n. 

‘ J. Am. Chem. Soc., 38, 14S0, 24W) (191(1); 30, 7 (1917). 

> J. Am. Chem. Soc., 40 , 109 (1918). 

> Kohlniuseh, Gcs. Abh., 2, 871; Kendall. J. Am. Chem. Soc., 38, 1480, 24()4 (1916). 

* KohlruuHoh, loc. cit., p. 996. 

Aw. Chem. Soc., 40 , 109 (1918). 

* Mvdit. K. Vetensk. Akad. Nobelimi., no. 42, 2, p. 10 (1913); Kendall, J. .4w. Chem. 
Soc., 39. 16 (1917). 
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and 0.0002 n. ; of + 0.01 per cent for 0.000.“) n . , and 0.001 n , and no correction 
for higher concentrations. The correction.^ for >alt.s of weak Hcid^ and l)nse8, 
and for salts of higher valence type.s, are regarded a.^ prohlem.itical. 

Errors in Conductance Measurements: The influence of temperature on 
conductance amounts to about 2 per cent per 1° C., so that, to obtain an 
accuracy of 0.1 per cent, temperature control to 0.0.")° i*^ neces>ary, i e., a 
thermostat must be used. The Lowry bulb rejiulator filled \Mth toluene, with 
an electrical mercury contact operating a relay and heating lamp, with good 
stirring gives excellent results, especially if the c.ipillary -tern i> prolonged 
inside the wider top by a capillary tube fitte.l in witli a little ceimmt, inside 
which capillarv tube fits the platinum wire cut-out. The thminometer i^ 
placed alongside the cell and ample time allowe.l t.) attain temperafure e<iui- 
librium The current from the coil heats the luiuid, and it -hould not be kept 
running for long. The bo^t nay to re, luce the eurn-nt fron, th,- eotl O 
insert resistance in the primary ciremt as long a- llie hammer luc.ik 

works, otlierwise a very large m Ih,. M-con,lar> e,r,u I, 

from one pole of the coil; hut, this may cause trouhle by static charging o a 
telephone unless the otlier pole of the coil is cailhc,! 

The re,sistaiice of the lea, Is from th,. ,.,.|l to ll,e brnige may b,. ,m,„l «,tl, 
meretiry in the cell, and shonhl be subl,acl,.,l from all 

With an alternating current of siillicii.nllv high fr,.,|„eiic\, an, , 

tro.L well pla.i„ir,ed, polarisation is practtcallv 

increasing the frecpiencN. U\\ . Vrcolaml (Kcillafor, to infinite 

of .500, 750, 1000 and 1500, obtaiimd b> (he \n.l.unl u.i.ii 

frequency. They also use tlie fornuila 

(Rf - RJiLjf -■= enn^t . 

where R and L are resi, stance ami 

also show that capacity does not depm.d on a g.i^ la>cr 


conductivity cell acts as a re'^i>tam-e m < rn 


>s with a ‘-implo coiidoiror with a 


. . ,.„n,luefivitv is smaller at zero frefiuency 

leak. Eastman ' consi, ers ha „i,.us„reniei.ts show a .limTcnce 

tint he considers this .li^erence 

> Washburn, J. 

straight and parallel, in an earthed ^ Jjixs , Strasburg (IS't.i) , WtiHhbiirn, 

* Nernst, Z. physik. Chem . 14. h2- 
J. Am, Chem. Soc., 38. 24.'>G 
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that extra to infinite frequency gives the right resistance. The re- 
sistance is independent of frequency if the potential measuring electrodes are 
not in the main current stream. 

The effect of polarization is not merely to reduce the sharpness of the 
minimum but also to shift the center of this; ^ its effect is not simply a pure 
condenser reactance, but an increase of effective resistance accompanies it, 
wliich is smaller with large electrodes ^ and higher frequency. This is attrib- 
uted to dissipation of energy owing to the incompletely reversible electrode 
reaction. Washburn ^ suggests that this points to some catalytic activity of 
the platinum black. Curtis and Taylor ^ tested Wien's method of electrically 
compensating for condenser reactance by inserting a variable pure inductance, 
and find that it gives results within 0.02 per cent of those with platinized 
electrodes. 

Self-inductance (mainly of the bridge coils) and electrostatic capacity in 
the bridge arms may arise with alternating currents, and it would be difficult 
to estimate and allow for them. Fortunately, when they are present, there is 
a want of sharpness in the telephone minimum, and as long as good readings 
are obtained it may be assumed that inductance, capacity and polarization 
are negligible, unless the resistances to be measured are very largo or very 


small. The effect of the three .sources of error are .summarized in the 

following 

table: 

Self Induction 

Polarization 

Caiiacity 


large wljcn 

large when 

large when 

Frc(iut‘noy 

great 

umall 

great 

RoHistanco is 

Muall 

small 

great 


The frc(iuency in tlie circuit is much higher than that of the hammerbreak of 
the coil.* 

Capacity is appreciable in bifilar wound coils, and these should not be used 
of resistance greater than .500 ohms; higher units should have (')iaperon 
winding. The effect of capacity is appreciable when a liquid of high resistance 
is in tlie cell; it is also present owing to the water in the thermostat acting as 
a conducting coating of a Leyden jar. This may be got over by immersing 
the cell in a vessel of paraffin oil.^ A small condenser, eg., of tinfoil on glass, 
sliding between similar plates, or tinfoil between paraffined paper, may also 
be inserted in parallel with the bridge arm opposite the one in which capacity 

' W’iou, .-tun. Phystk, 47. 026 (1.S92). 

*Wion, Phuitik, 58, 37 (ISOO); Neumann, ibid., 67, 499 (1S99). Haworth, loc. cU., 
has overlooked this. 

»J. Am. Chim. Soc., 38, 2J.'j9 (191ft). 

< Phys. K( v., 6. 01 (191.5); Wolcott, i4nn. Physik, 12, 653 (1903). 

n.«hfcldt, Klectrochomistry, Ivondon (190S), p. .57; Kohlransch, Leitvermogen, p. 55 f.; 
Washburn, J. vlw. Chem. Soc., 38, 2431 (1916); Kruger, Z. phymk. (Jhem., 45, 1 (1903); 
01)crbcck, *lnn. Physik, 19, 625 (1S83); 21, 139 (1884); Schlesinger and Read, J. Am. Chem. 
Soc., 41 , 1727 (1919); Wien, .Inn. Physik, 58, 37 (1896); 59. 267 (1S96). 

•Lennrd. .4nn. Phvsik, 39. 619 (1890). 

^ Kohlrausch, .Inn. Physik, 49, 225 (189.3); Leitvermogen, p. .59, 
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(iccurs ami varied till the minimum is sharp. jundeiiser in M-rit-s with a 
circuit can nullify inductance when /= 1 ,lvV/.C; /= frcqiu-iicy I - in- 
ductance, C = capacity. If corrospimdinj!; in.luctanco and capacil y arc 
present, the circuit behaves as a non-inductive one ’ 

Equivalent Conductance at Infinite Dilution: 'fhe \alue of A incn'aM> ^^itll 
dilution and approaches a limiting \alue wliich is reaclu'd at dilTerc-nt dihitions 
for different types of electrolytes and Ls known a^; the linutiinr Aalue of the 
equivalent conductance for infinite dilution. A,, or zero concenlration. Ao. 
In the light of the electrolytic dissociation theor> tho interpretation of A is 
clear: it refers to complete ionization. The kind of increaM' of A with dilution 
is shown in the following table (Kohlrausch): 

TABLK I 

AT is” (’. 

Dilution ^ in j KCl | Jt'uSO, j (’IljCOOH 

1 iJ 
I on 
M i 
U 0 
107 0 

It is evident that, in the case of K(’l, the liiniting \alue eaii be calculateil with 
some accuracy by extrapolation; in the ca^t of ].('iiSO| the apiiroaeh to a 
limiting value is uiiparciit, but this cannot be ealculatiMl l»v exlrapolatmii from 
the figures given; in the ease of acetic acid it i'' e\ideiit that, (‘veii at high 
dilutions, the limiting value is far from bring alt.amrd. In the ca.»c of wi'ak 
electrolytes, such as acetic acnl, the Imiiling \alii<‘ can be found by indiieet 
methods only, as explained later. 

For the jiurposes of intorjutlation and extrapolation the \alur> of A at 
different concentrations arc plotted ag.un^l the eiilx* root or fhe logarithm of 
the concentration. The first method i- ii-rd by Kohlrausch,^ and the cum''' 
in Figs. 9 a and h show the re.siill> with m.iiic typical eI('(;trolylc^ and (hr 
character of the extrapolation may br ''crii lor \erv dilnti* "iilutioii'' A may 
be plotted against the scpiarr root of thr eoiiei'iit rat ion in rqiin ah'iits prr 
liter. The olijeetioii to Kohlraii'-ch's inrthod that it a-Minirs ;i nut am relation 
between A and the concentration which inav not hold at \rry high dilutions 
has little weight except in eaM"' of rxtn'iiu' arciiracy. 

The A curves of acids and baM‘> are iirur dilhcult to rxtrai>olatr than those 
of salts, on account of the greater iidlueiice of impurilii's MK) m the 

'Tavlor and Acree, J. Am ('hm S»c., 38, '2\m (I'lUu. find ajirn-mout m 0.001 i>.t 
cent with (</) inductance, (h) (nn<l(im. iml lo t..iliinre the n,p,'uHv ..f ♦}.<• ron.lu<-tivil v 
cell. Technical methods nf mcaomnn endu. tmh ; K.'<1<t, '1 rm,. Am. hlutrmhm. Soc , 
38, 113 (1920). 

* Ann. Phymk, 26, 101 (IhS.-,). 50. Xs.', flMl O, laehn.ow, KkUroihun , 8, 'D-'t HOOD. 
Kol^auschand Maltln. 11 AhhuvV I’. T !{, xh^nn-UiU, i. \u M'KKu 


103 9S.:i 2.'. s 

10‘ . 112 0 l.fM 

1(P 122.4 . 1 7 

10« . . 127.:i os .■» 

]t)7 129.1 imo 
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water, at high dilutions. The curves then exhibit maximum values of A at 
high dilutions, and then fall off rapidly.* 




* Whetham and Paine, Proc. Roy. Soc., 81, 58 (1908); Whetham, Phil. Trans., 194^ 
353 (1900); Kendall, J. Am. Chcm. Soc., 39. 12 (1917); Washburn, ibid., 40 , 122 (1918); 
Chittock, Proc. Camb. Phil. Soc... 15, 55 (1909). Some solutions exhibit a maximum specific 
conductance at a certain concentration; this is duo to the interplay of ionisation and con* 
centration: sulphuric acid at 30 per cent (Kohlrausch and Holbom, Leitvermdgen, p. 75) ^ 
hydrochloric acid 18 per cent tOibson, Trans. Roy. Soc. Edinb., 48 , 117 (1912)); magnesiumi 
sulphate (Kohlrausch and Holborn, loc, cU., p. 76). 
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Ostwald’s Rule: An empirical relatiDii dis- 
covered by Ostwald ' states that mioj4 - M 32 = 
lO.y^.y,, where /xio24 and nn are molar con- 
ductances at dilutions of 1024 and 32 likrs, 
respectively, of salts of strong acids or bases, and 
and 1 /- the valencies of the kation and anion. 

The rule holds very approximately to 1 / 0 and 

is often useful in finding the basicity of aci^ls 
or bases {y+ = 1 and ?/- = 1» respectively).* 

On the basis of this rule, Bredig (/or. cil.) 
compiled the following table, giving the values 
to be added to the molar conductance of a .salt 
at 25° at the given dilution to make up Mx- 
The accuracy is usually about one iinit, and 
the table is useful for approximate woA. The (ir4 column ■ 

E.g. for KCl, this is 1 X 1 ; for Ba('l>. 2 X 1; for AECSOdj. it is (3 X 
Bracketed values are less certain, (('onduetancex are in ohm ‘, not Sn im n^ 

units.) 

TWA.E II 

('ONUl'OTWCK rAU;VL\TI(»NS Full IsilNlIK hlM HoV 

Dilution (llliTS l"T lliol.j 


.i : 
«) I 
K r» 
10 (> 
la s 
17 







(>1 

12H 

2.')<’» 

Mi 


— - 


1 j 

1 1.7 

s 

(► 1 


22 a 

17 

12 7 

s 

:n s 

21 1 

IS 

211 

12.7 

17 

11. a 
,)(’) a 

11 •'> 

aus 


(<)'l X) 


as •{ 

2U a 1 


This table, of course, .,n be f- 

calculated from the hiRl.er dilutions are often IiikIu r than 

the lower dilutions. „f A to infinite dilution is a niiitter 

Calculation of A„: the enli.ip _ ^ j ,,4 

of importance when the <iiie.stioiwi . nieiitioiicd, extn.iiolntcd by 

high dilutions is considered. Ivililr.iii cn, 
plotting A against c‘'’, assiiniiiig * 

= A. - nc"’ or •' = 

- , vio (isss,. U1.I.I™. ,WI.. 1, .W'J OsHV). 2. '•» nss8); 

1 Z. phmk- Ckem.. 1, 74 (ISM). 2. d''""'’ 

BrediK, ilnd., 13, 191 (1S94). i i , m*- KUmiumic, ('hm. Z., 35, 1420 (1911). 

. On method, of makina ^ y;:,:,! P„..„, iW/.. 06, «) (lUl.H; Wo«- 

» Lorenz, Z. anorg. Ch4;m., 108 , m u-o.y, 
scheider, Z. Ekktrochem., 18, 277 (191.i;- 
* Leitvermdgen, p. 107 . 
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The value of a varies from one salt to another, but it has, at 18®, approximate! ', 
the value 400 for uni-univalent electrolytes. An accuracy of only 1 per cent 
is claimed ' At the highest dilutions a Ijetter approximation is given, accordniii 
to Kohlrausch,® by the equation 

A = Ao - 

(for c from 0,002 or 0.005 to 0 equiv. per liter). 

liorcii/ ^ gives value.s of a and 6 for basic organic kations (110 substance.^) 
for which both formulae apply equally well: — ft = 91 . 54 c'^ 2 - ~ ^ 

= 5S,2e'^''. The equation with is said by Kohlrausch to be “surprisingly 
e.xiict.” For liigher concent ration.s (to 0.1 n.) he propo.ses * 

Ao - A = 

witli another oon.stant p, varying from substance to substance. This doe.> 
not hold for hi-bivalent electrolytes. 

For concentrated .solutitms (Jibson ^ propo.ses 

A' = Ao - I)r\ 

where 


A' = ^/c', 

c' being the concentration in ecpiivalents per qrnm of mluliDH. Tins does not 
hold for dilute solutions, and cannot be used for extrapolation to .Vn. 

llandall ® finds that if the percentage ionizations of salts are plotted against 
the curves fall int<» non-inler.secting groups according to the valence types 
of the salts. Salts of tin* same valence type also divide them.selve.s into distinct 
groups, e.g., hali(i<‘s of alkali metals and ammonium,' and, in this case, the 
degrees of ionization, a, become inoia* nearly equal as zero concentration is 
approached. If a, .\, and .Ao are known for one salt of a group, a may be 
assumed the .sanu! at a given concentration for another member, and thus, 
if A is known, Ao may be calculated from a = A/Ao. The values of Ao so 
found for din'erent concentrations are then plotted against e''* and extrapolated 
to zero concmit ration to gi\e a final \alue of Ao- A method similar to that 
of Kohlrausch was used by .V, .\. Nd>('s and his collaborators.'' .Ml such 

' 'I'lic .simu' was |ni( forwjinl li\ \ W . Vitxtvi , TmtH. Funut Snt . 15, 12J (. ; 
it lioMs \cr.v ii|i|>i(iMinalrl\ fur Zii( ‘l> .uid V.i-jSO^ ;is well hn for I.it ’l. 

LtX'. nt , p. ION, (lio «‘(ni;ilion .\ “ .\o ’ w.is hv Kohlraa-rh. .lna. 

Phj/tftk, 26, It'll (Is.s.)). xhul , 50, :is.) (IS’KI), liar iiiw .atrr. Z. jihif-nk Chnn., 28, lla (ISIMJ): 
cf. Storch, i/ia/ . 10. 13 (IS'.Ui). Manciofi, ihtil , 31, 1S.S (IMIU), KohlraUM'li, 

Akod. U'i.s.s., ii, lUU'J OUOO), Ki)l»liaii->ch and Strinwelir. ihid., i, oM Kolilraioch, 

Z. Khktrochm., 13. AXi (1*107). 

' /. iitiom. ('/u/n , 108. M. 11)1 (IDID). 

* l.»'it\('rmt)K(‘n, p. lOS. l.oriMi/, Z. mioii;. (‘fum., 108, M. lUl i 11>11»). 

“ Tniits. Half. Soc Kdmb , 45. Jll (ll)(Ki). 

*./. .Ihi. iVuai. .Sx' , 38. TS-S (lOlO). 

’ Thw was well known to Kohliunsrli, Loitvernnwa. p, 10s. 

No.\f\s and Falk, ,/. .Iw. {'}um Six . 34. U>'2 t.ll)12>. 
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methods imply, however, that the law of mass action is lutt obeyed even nl 
extreme dilutions^ W. R. Bousfield * has ij,.ed tlie equation 

a»'V(l - «) = E¥ 

where 

a = 

T/ being the viscosity, and h tlie number of mob. of water per mol. of salt, for 
solutions of KCl. He also proposes; 

«/(l - a) = //'MO' " 

for the same solutions, which gi\es very exact ivsult-s from OOOOl ;/. (o 0.1 //. 

In a further paper’ he proposes another etpi.ation. 'I'liC'e gi\e very exact 
intcrimlations, hut their use in the extrapolation to A^ i" tloiihlful, for the 
reason just given. Partington * siiggest/'d that tiu' haw of mass actio/i holds, 
c\en for strong electrolytes, at v/*iy high dilutions, and propoMai the formula; 

aV (1 — a) ~ K + Aca, 
or 

AV'Ao(Ao - A) - K 1- AcfA.’Ao), 
which rc'duces to the ina.NS action eijuation 

(r(’/(l - K 

when r tends to zero. Although (hb is imt ade/piate to deal with strong 
(‘lectrolytes,'’ the idea that the law of nia's action is (.he\ed at liigh dilution 
s.mmus to ha’ve been established by the .-xpei inients <.f Washburn ;ind collabo- 
relors.® In 1!)12 .MacDougall ' and Kraus ami Ib.ay proposed a modilication 
of this formula, vi/., 

A-c;Ao(Ao-A) - I< bA(r.A/Ao)\ 

where h is another constant. The \alue of A has been "corrected ’’ f<m viscosity, 

1 e., the expenimuital \alue has been inultiidied bv 'Phis e/piation holds 

\ery satisfactorilv for a/pieous and non-.aipieoii' -olutions, but in the application 
to mpieous solutions Kraus and Bray fo.ind it necesvary to alt.T fundamental 
data, e.g.. the \alue of Ao for K('l foiimi by Kohlrausch and Maltby '' from 
12!).!) to 12S,d. in ii maiim'r which even at the time could not be reganh'd as 
a<lmbsible. The viduc 12S.:i had actually been ex'ceede/l by Kohlrausch and 
' C’f. Bates. J. Am Chm. Snr . 35. .'.22 (lUl.J). \V<‘>£m Im-kI.t. Z. phy.ik. Chnv , 69, (lU.'t 
IBKHI). 

5 1'hd. rr(in,s , .\. 206. I.).) tiunu), ,/. Cfam -W . 103, -W (I'M.'I). 

>J. Chrm. Soc . 105, 1M«I (1011). 

*J. Chftii .W . 97. 11. )H (1010). 

*■ Partington, Tram. Fararl. Sac., 15, 101 (lOlOj. 

* J. Jm. ('hitn. .S'or., 40, IHl (lOlS). 

’ Am. C/wrm. .S'of . 34, 85.H1012). 

•Science. 35. 433 (1912); iW., Am ('hnn. Sac . iS, 1411 (lOPl). 37, 131.S (19l.>). 

* IViM. AWi, J. P. T. RrirhManjttalt, 3, l.'iO (HHKl). 

18 
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Maltby in their racasurements at low concentrations, and the force of tlii^ 
criticism of Kraus and Bray’s treatment of experimental data of high ac- 
curacy, made by the writer * and by Washburn,* is now admitted by Kraus.- 
Bates ^ found that the experiments of Kohlrausch and Maltby could be coni- 
])Ietely represented, with an accuracy even greater than that obtained hv 
Kraus am) Bray, to the highest concentrations, by tlie empirical formula: 

log A*r/Ao(Ao — A) = log K + A:(c.A/An)\ 


where K, k, h have, of course, different values from those in Kraus and Bray’s 
equation. Th(‘ theoretical meaning of this may not be very clear, but it 

serves to show that agreement or 
non-agreement with empirical equa- 
tions is not a very safe guide in the 
criticism of experimental data. 
Wa.shburn ^ points out that K is 
not necessarily the true value of the 
mass action constant for c = 0. lie 
used a graphical method of extra- 
polation, depending on two assump- 
tions: (i) Jam (IK/dc - 0 when c = 
0, and (ii) the curve connecting K 
and f does not show deviations from 
the law of mass action which in- 
crca.se with dilution. The values of 
K are plotted against c for various 
assumed values of Ao, and of the 



20 30 40 

conen. y lo* 

Flti. 10. VViishhurn’s I'Atrapoliif ion Mntliod 


latter those arc rejected which cau.<5c the curves at high dilutions to assume 
radical changes in direction (see Fig. 10). In this way, it is claimed, the value 
of An may be found with an accuracy of O.OI per cent, provided the conduct- 
ance data are equally accurate and extend down to 0.00002 n. If the conduct- 
ance data extend only to O.OOOl a., the value of .\o is accurate to about 0.2 
per cent. 

The method propo.scd by Bates * is really the same in an analytical form. 
The equation of Storch: 

Angn-i/^o"->(Ao — A) = const. 


is applied by fitting it to a small piece of the curve at a time, the two parameters 
Ao and n being allowed to vary at ditTerent parts of tlie curve. \ lower limit 
of Ao is found by putting n ~ 2 (law of mass action) and finding Ao from the 

» Trans. Farad. Soc., 15, 08 (lUlO). 

’ J. Am. Chem. Soc., 40, 122 CIDIS). 

’ J. .4m. Chem. Soc., 42. 1. 10S7 (11)20). 

*J. Am. Chem. Soc , 37. UM Ul>l->). 

^ ./. .Im. Chan. Soc., 40. 122 UOIS); of. Kemliill, ibid , 40, 022 ^lUlS'. 

•'y. Am. Chan. Soc., 35, aiO (lOia). 
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two lowest concentrations. An upper limit of Ao Ls found by trisl, taking the 
largest value of Ao which does not cause corresponding values of u to pass 
through a maximum. Bates’s values for Ao are about 0.05 unit lower than 
Washburn’s— an altogether inappreciable amount. 

The method of extrapolation uscii by Washburn has been criticized by 
Kendall* and by Kraus.* Kendall points out tliat the method is the same as 
one u.sed by himself* in 1912, but Wasliburn, whilst giving Kendall credit for 
using the method in a particular case, claims that his own method is moni 
general, and Kendall has adniitte<l the claim.* Kraus's paper is mainly con- 
cerned with the manner in which K varies with r He rejects his former in- 
correct assumption of the inaccuracy of Kohlrausch and Malt by 's data, but 
now applies his equation beginning at a concentration of 0.02 n. instea<i of 
3n., as previously, and finds, with (piite difTerenf mov values of iho four 
parameters in it, that the dilute end of the cur\e. which he formerly rejected 
in iota as inaccurate, can now be \ery satisfactorily fitted, “not uiinaturallv,” 
as Washburn {Inc. cit.) remark*'. The \alue of K found is very difTeri'iit from 
Wa.shburn’s, vi/.., 10 X 10'* inKtea<l of 200 X 10 * ( Wa''hburn). 

Kraus now* appears to think that hi^ \alue of K is too small. Kraus's 
objection that the plots of the fir"! and x'cond deri\afive.s of \N’eilan(rs /\, 
c curve, on which Washburn’s calculations are ba.sed, are irn'gul.'ir, seems to 
the writer to liave very little weight, since sm.-dl errors would then be gr<‘:i(lv 
magnified. His objection to Washburn's method of extrapolation, on thi* 
other hand, secm.s quite sound, although W'ln'liburn does not si'cm di.spfised 
to admit it, and some further theoretical "iipport for the nu'thod should be 
given apart from the assumption of the ultimati* obi'dimice to the law of mass 
action at high dilutions. Tin* region of concent i at ions employed liy Weilami 
extend.s, however, so close to infinite dilution, that W jislibiirn’s values are 
jirobably very nearly correct. Kraus’s dis]io''ition to treat Weil.'ind’.s data 
a.s po.s.sibly inaccurate is rightly chanicten/ed by Washburn ^ as too nearly 
resembling his former treatment of K(dilrau''ch ;md .Malfby’s figure, s to iru'rit 
very serious consideration. 

Loreni5 and Land6 ' a.ssume eoinplefe lom/atioii at all dilutions and con- 
sider that changes of condiictnity an* dm* t«t changi's in the mobility of the 
ions on dilution. Instead (»f the e\pre*.''inn 


A = ofi/o j 


they take 

A ~ u V .and A,j - Uo 4 Cc,. 

> J. Am. Chan. Soc , 40, 1.22 
•‘J. Am. Chan. Sor., 42. 1. 10S7 (l'.»2ie 
*J. Am. Chem. Sor.. 101. 127.'. (l'il2o 
* J. Am. Chem. S<m- , 42. 1077 { 1020 ). 

’’ Import of Klor'f rjr*!ill\ .'it in-'. 1U22, )•. UM) 

« J. .4m. Chan. Soi . 42. 1IK>0 (1020) 

’ Z. anorg. Chem., 125, .'.9 (1922;. 
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The changes of mobility with dilution 

u(uq — X and vjvQ = y 
arc aHHunicd to be characteristic for each ion. However, 

(1 - XK‘)I{1 - Vcv) = const. = a, 

(1 - %a )/(l - ?/ci') = const. = b, 
and 

(I - %a )/(l “ ) = const. = c, 

where a = 1.079, b = 1.390, and c = 1.292. These values are easily found 
for salts. In the case of acids and bases the sodium or potassium salt or the 
chloride is used. Thus, in the case of the anion, the conductivity of the 
potassium salt is found at two concentrations: 

ci\i = nK^■ + vi and C 2 A 2 = wa',- + Vz. 

If y = v(vo, then 

(1 - xi)/(l - yi) = (1 - Xil/il - yi) = cojist., 
wiiencc Vq can bo found. 

Another method ‘ is ba.scd on Ilerz’s theory (see later). Values of A an* 
plotted aRainst on a prescribed scale, and the curve transformed to a form 
of the universal curve 

Ao - A = /(c«/-^). 

Ily cornpariuR this with a series of standard curves on transparent paper on 
the same scale the value of Ao can be read off. Lorenz ^ ^ review of 

available data concludes that it is not possible to .say which of Kohlrausch’.'s 
equations, 

Ao - A = x, - A = 

is more accurate. Since the deviations from the mean values show no relation 
to the con.'^titution of the ions, the constants a and b are “universal,” and he 
calculates n - 91.7)4 and b = .'>8.2 for organic ammonium ba.scs. The two 
equations give slightly different values of Ao, and the formula 

Ao — A = ac" 

is proposed. 

The theoretical con.sideration of the deviations from the law of mass action, 
wliich lie at the root of all methods of e.xtrapolation to Ao, will be considered 
in a later section. 

Conductance and Viscosity : The resistance offered to the motion of the 
ions in a solution has an effect on the conductivity, and the viscosity of the 

’ Lorpn*. Z. nnoru. Chvm,, 118, 2«)$) (1921). 
nnorg. Chtm., 108, HI (1919). 
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solution may thus be expected to have some iidluence on conductance. This 
wilJ be small below concentrations of about 0.1 since such solutions usually 
have practically the same viscosity as pure water, but at lusher concentra. 
tions the calculated ionization may be changed by 7 or S per cent accordiuR as 
viscosity is or is not taken into account. The effect of viscosity seems first 
to have been pointed out by G. Wiedemann in 1S.V».‘ 

At infinite dilution the separate ions should move independenllv, and it 
would be expected that the motion of the ions would tlien depend only on 
their nature and on the .solvent. Tins does not appear to be the ease;* the 
product (ri = viscosity) varies from solvent to .sitlvent. so tlnit the equiva- 
lent conductance in one solvent cannot be calculate<l accurately from tliat 
in another by multiplication by the in\ci>e ratio of the viscosities. If the 
conductivities of the individual ions are compared, the ratio varies from ion 
to ion, so that the ratios of for the same solute in diff(*rent solvents cannot 
be con.stant. 

the \isrositv usuallv increases with 
the conceiit ration, but sometimes in 
a(ju<a»us solutions it passes through 
a minimum. It (h'pends both on 
sttlutc and sohemt. If the speeds 
of the ions (lej)end on th(‘ visci>sily, 
they will .d.^o <l<‘pend on concetifr.a- 
tion, so that the e(|ualion of Kolil- 
rau.‘‘ch-.\rrh('nius a — will 

no lotif^er be trm*. 

The work of Arrheidus’ and of 
budekinjr^ seems to show that tl>o 
ionic .and bulk \ i.-^cosities are not 
identical, becau.se a jelly contaiidiiK 
.salt conducts almost as well after 
as b(‘ff)re solidification. The as- 
sumption (tf inverse proportionality 
between conductance and viscosity 
has often been made, i.e., it is sup- 
posed that (AjAiMrj/rjo) ^ives a 
better value for or than tlie simple 
ratio A/Ao.'* It has been definitely 
shown, h<»wever, that the simple 
proportionality between conduct- 
ance and fluidity (1 /viscosity) as- 

' Ann. physik, 09 . 228 (IWU). 

* Kraus and Bray, J. Am. Chem. .SV , 35, (lOl.p. 

* Brit. Aas. Rep., p. ^4 (188()). 

*Ann. Phy«tk, 37, 172 (1889). 

‘Bousfield and Iy*»wr5’, Phi. Tram., 204, 289, 291 (1904); Noyt?» and FaJk, J. Am. 

Chem. Soc., 34, 454 (1912). 


At moderately luKh concentration.s 



Flo. 11. InflueiK O of M.'tcostls ch.'inK^'oiiron- 
<fuetivity of aqueous K( 'I Moltj. :i( 0° \ is fin iin- 

eorrociod curve, B is (he cur\c ji!ot(«’*l from tin- 
fS|uation fcA')’/rAo(Aci -,V') =con.s(. (cA'/Au)” '. 
where const. = 2 02, A« = M 12, n - l..il loid 
A' = Atj^ijo. (' IS the fluidity curve at 0^ i •• , 
the plot of Tfoirj aKainst loK ((sinen ). 
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Burned does not exist.' Johnson * considers that, except in the cases of H ' and 
OH' ions, the equivalent conductance of each ion Is a function of fluidity^ 
<f>== Ih, of the form A = where m is a constant varying from 0.81 to ].03 
for various ions. This would lead to the expression: * 

Ao\rio/ Ao\(f) J 

for the ionization, t/o being the viscosity of the pure solvent. The value of mj 
is usually less than 1, but approache.s 1 for slowly moving ions. The relation 
does not apply to acids and bases, for which the equation: a - A/A*,', is pro- 
posed,^ in which A is the equivalent conductance of a solution above which 
the vapor pressure of water is p, and A*,' is the value for infinite dilution when 
a non-electrolyte * is added so as to give the solution the same viscosity and 
vapor pressure as the first solution. 

Change in viscosity may in general be brought about by: (i) change of 
concentration (including addition of a third substance), (ii) change of pressure, 
(iii) change of temperature. Kraus * has considered these factors separately 
in connection with ionic mobility. Solutions which exhibit a negative viscosity 
effect (i.e., viscosity decreases with concentration increase) have conductances 
directly proportional to the fluidity, and the same also probably holds for 
changes of viscosity due to change of external pressure. As a rule corrections 
cannot be made in thi.s way with solutions exhibiting a positive viscosity 
effect (i.e., viscosity increases with concentration increase), although it may 
sometimes be applied by considering each ion .separately. In the relation ' 
A/A' = rj*", where A and A' are respectively the equivalent conductances in 
media of unit viscosity and viscosity rj, the value of m approaches 1 with large 
ions and when the molecules of a<ldcd non-clectrolyte are small. This has 
been confirmed by Kieran ' witli solutions of HCl and KCl in presence of 
sucrose. It is considered that the change in the true transport number of an 
electrolyte with change of concentration is due to the different effects of 
viscosity on the two ions. In non-aqueoirs solutions, the ionic velocities 
change much less than the fluidities, although at high concentrations a marked 
influence is apparent. In such cases, correction of ionization for viscosity is 
not possible. 

At higher temperatures, the velocities of the different ions in aqueous 
solutions tend to a common limit, wliich has been supposed to indicate that 
the ions become equal in size.® The equality in size has been assumed to 
indicate hydration, which would then increase with rise of temperature.® 

« Green, J. Chem. Soc., 93, 202.3, 2049 (1908); Sidgwick and Wilson, ibid., 99, 1118 (1911). 

*J. Am. Chem. Soc., 31, 1010 (1909). 

* Washburn, J. Am. Chem. Soc., 33, 1461 (1911); Sach^nov, Z. Elektrochem., 19, 588 
(1013). 

* Washburn and Williams, J. .4m. Chem. Soc., 35, 750 (1913). 

* The influence of non-elcctrol^-tes on ionisation is discussed later. 

* J. 4m. Chem, Soc., 36, 35 (1914). 

’ Trane. Farad. Soc., 18, 119 (1922). 

•Cf. Kohlrausoh, Ann. Phyeik, 154, 228 (1875); 62, 209 (1897); SiU. ber. preuee. Abut., 
26, 572 (1902); Orotrian. Ann. Phyeik, 160, 238 (1877); 8, 259 (1879). 

* Martin and Masson, /. Chem. Soc., 79. 707 (1901); Green, ibid., 93, 2023 (1908). 
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The viscosity varies with pressure/ and the pressure effect also varies with 
temperature. In the case of pure water the vi.co.itv decreases rapidly with 
increase in pressure, the rapidity of <lecrease beinir less as tlie temperature 
rises. At very high pressures the effect changes sign, and the viscosity in- 
creases with pressure (inferred from the .shape of the curves). With non- 
aqueous solvents, viscosity increa.ses with pressure/ tlie increase being greater 
the greater the visco.sity. A\itli increase of concentration (lie decrease in 
viscosity with pressure in the case of a(pn‘ous ''i)bitions bec(nnes .smaller and 
ultimately become.s an increase. The e(T<‘ct of pressure increases when the 
temperature is lowered.^ 

Influence of Non-Electrolytes: Phe conductance of acpieous solutions 
usually diminishes on addition of non-elect rolvt(*.s in not t(»o large amounts, 
the influence being e.xerted partly on the ionization and partly tm the mobilities 
of the urns* With further addition the conductivity sl<»wly increases.^ The 
effect is closely related to the viscosity changi',* although colloids have usually 
only a slight effect/ except in largo amounts.^ The temperature coetlicient 
of such solutions is u.sually nearly the same a'< that of pure atpieous .solutions, 
unles.s the viscosity is greatly affected.’-' 

Influence of Pressure on Conductivity: The influence of pre.ssuro on con- 
ductivity has been very thoroughly studied. The ccpiation: 

(d InKfd])).j^ ~ IVfRT 

was deduced by Planck‘° for dilute solutions. K i> the equilibrium constant 

‘ Cohen, Ann, Physik, 45, Glili (l.SOJ). 

* Cohen, loc. at.; HonfK(‘n, -l«n. rhy.ttk, 22, .010 (is.sij, W.-irbnrn lun) .'>uch.t, jW., 22, 
618 (1884). 

* Cohen, loc, ciL, Sfliniidt, Z, physik, ('hun,, 75, ao.'i (1910). On vihcouity e(T(*('t 4 in 
very concentrated !»olutton.s ''cc Ual)inu\\iN< |i. /. jihy.'nL ('him,, 99, d.SH, 417, VM (1921). 
On viscosity and <'unditffanc<* M*e II. (\ .Iuimw and Ins co-workfr^ .Irn. ('hrni, J , 37, l(g> 
(1907): 42, 37 (1909); 46, 1.31 (1911), /. /./m/mA- <'h^>n . 61, 011 (190H); 62, 44 (1908); 
81. 68 (1912); 85, 513 (1913); ./. ('him, Phys , 12, .3.S.'> (1911), J. .l-n. (’hem. Soc., 37, 1194 
(1915). 

* Stephan, .4n;t. Physik, 17, 07.1 (lH.s2t, l^^ iiz, U Arad. Pitrrsh,, 30, Nf>. 9 (1882); 
.Arrhenius, Z. physik. ('hem., 9, 487 (1892); lloiland, .!a« Physik, 50, 201 (189.3), StrindUjrn, 
Z. physxk. Chem., 14, 101 (1891), Wai.h-n. dad , 15. 190 (ls94). ( ohen, xbul , 25, 1 (1898); 
Walker and Hanibly, J. (’hem. Soe., 71, (il (1S97), Kolb, Z. iihy.sik. Chem , 42, 209 (1902), 
of, Wildormnnn, ifnd., 46, 43 (1903); Jfardey, 'rhnnri*^ an<l \pi»lcby, J. ('hem. Sar., 93, 638 
(1908): Green, ibid., 93, 2023, 2049 (1908). 

® Arrhenius, loc. ciL; iK‘rhai)S due (<> h> drat am <»f iKjn-electrnlyte. 

•Stephan, Arrheniu.*!, loc. cd ; MiiH.soulicr, ('omid. rnul , 130, 733 (19(K)); supra, Vis- 
cosity. 

’ Levi, Gaz. chim. Ual., 30, 04 (liKKl). 

* E. Wiedemann, Ann. Physik, 20, .>.37 (IHKp, 'rietzen-Hennig, ibid., 35, 407 (1888); 
LOdeking, ibid., 37. 172 (1889). 

* Di Ciommo, Nuor. dm , 2, 81 (1901), .Slarrk, Hcibl. Ann. Physik, 25, 713 (1901). On 
conductivity of gelatine Holutions see Palmer, Al«-liley an«l Ixs*b, J. Gen, Physiol., 3, 801 
(1921). 

'•Ann. Physik, 32, 494 (1887), llraun, dnd , 30, 2,60 (1887), Z. physik. Chem., I, 2.69 
(1887); eee under Therniodyri,aiinc.s. 
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and A V the change of volume in the dissociation of 1 mol. of electrolyte. From 
this, the change in conductivity may he calculated. The effect has been 
examined experimentally * and the theory generally confirmed. 

Kdrber, who used pressures up to 3000 kgm./cm.^, found an increase of 
conductivity, the magnitude of the effect depending on temperature. In the 
case of acetic acid at 20° C. the results agreed with Planck’s formula, but at 
higher temf)eratures the conductivity increa.sed instead of decrea.sing according 
to the formula. The effects of pressure on ionic friction and viscosity of the 
solvent correspond in the case of sodium chloride but not for the potassium 
salt. The influence of pre.ssure on ionic friction is additive for the two ions 
in the case of strong electrolytes. With increa.se of temperature the isothermals 
representing the influence of pressure on ionic friction for different electrolytes 
tend to approach one another, hut II ‘ ions are exceptional. Up to the highest 
I)reHsures the direction of the influence of pressure on the conductivity of 
strong electrolytes is independent of concentration up to moderate concentra- 
tion.«, l)ut the magnitude of the effect becomes smaller as the concentration 
increases. For dilutions greater than 1 mol. in 100 liters, the effect of the 
solvent water becomes appreciable. 

Schmidt examined the effect in non-a(iueous solutions, using eleven organic 
solvents, The effect was divided into three factors: (i) change of volume, 
(ii) change of ionization, (iii) change of viscosity. The latter is not included 
in Planck’s formula. The relative importance of these was e.vamined. The 
effect is much greater than in acpieous .solutions in the case of strong elec- 
trolytes, but less in the ca.se of weak electrolytes. The influence of pressure 
diminishes with rise of temperature and increase of concentration. In the 
ca.se of Nl']tJ the logarithm of the resistance increa.^^es pro])ortionally to the 
pressure. With non-aH.sociating solvents the influence of pre.ssure increases 
at 20° linearly with the viscosity of the .solvent. 

Drude and Nernst pointed out that the experiments of Kohlrau.sch and 
Ilallwachs ® showed that the imiizatioii of an electrolyte is always accompanied 
by a decroa.se in volume in the case of aqueous .solutions, and they call this 
contraction of water in presence of free ions, ckrtrostriction. It indicates that 
the dielectric constant of the .solvent should be increased by i)ressure.* In 
aqueoiKS solutioias the contraction amounts to 10 12 cc. per e(|uivalent of uni- 
univalent electrolyte ionized. In mm-aqueous solutions •' the corresponding 
figure is about 13 cc. 

* Fiak, Ann. Phj/sik, 26, 4S1 (l.SSa); FunjuiiK, Z. phymk. Chrm., 14, 073 (1894); Pie.srh, 
Her. IPu'M Ahui., 103. 7«4 (1894); Lussuna. Xwm. Cm., 2, 2«;} (189.5); 5. .357, 441 (1897); 
Z. phyHik. Chi'nt., 76, 420 (1911); Tnniiiinnn, Z. physik. Chem., 17, 725 (1895), Tainmann 
autl UoKojawlonaky, ibui., 27, 4.57 (1898); Tumiiianii, ..4rt;i. Phymk, 69, 707 (1899); Fous- 
sert'au, Compt. rend., 104, llGl (1.S87); llnnis, ,4wi. J. Sci., 40, 219 (1890); Korber, Z. phyaik. 
Chem., 67, 212 (1909) ; 77, 420 (1911); Schmidt, ibid . 75, :t05 (1910) ; Luther in Winkelmann's 
Phynik, IV, i, 438 IT., for other factors supposed to influence conductivity. 

> Z. i)hysik. Chem., 15, 79 (1894). 

* .4nn. Phys)k, 53, 14 (1894); Kohlrausch. ibid., 56, 185 (1895). 

* Non-electrolytes, wh? Polowsow, Z. phymk. Chem., 75, 513 (1911). 

* Carrara and Levi, Giueita, 30, ii, 197 (1900); WtUden, Z. phymk. Chem., 60, 87 (1907); 
Nernst, Ijehrbuch, 8-11 Aufl., p. 449. 
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The relation 

A = A (.^ _ li) „ 

A* 

where A is the percentage change in density per gram e.iuivalent of dissolved 
electrolyte, and A, B are constants representing respectively the percentage 
changes in density caused by one gram ecpiivalent of ionized and non-ionize,l 
electrolyte, has been put forward.' In the ca.se of some electrolytes the values 
of B indicate that the dissolved electrolyte has the same volume as the solid 
salt, whilst salts forming hydrates in the soli.l stat(‘ are hydrated in solution. 
Some electrolytes do not comply uith the eciuation; the anomalus are trac<‘d 
to complex ions or the affinity of the salts for water 'Fhe density increas(‘ is 
greater the greater the sum of the mobilities of the c.mstituent ions. 

Von Ifevesy ^ assumes that ions, or disp<‘r'>ed charged particles, tend to 
exhibit a constant potential difTcrence between theimel\<-s ami the solvent, 
amounting to about 70 millivolts. Ions with smaller radii will attach water 
molecules till this gives a radius (»f 2.S X 10 '' cm. The solvmil is conlra(*ted. 
If the size of the ion is increa.sed beyond this by hydration, the mobility is 
reduced, since the P.D. is also r(*duce<l. Lorenz ' has critici/(‘d thr‘ tln'orv; 
it holds only for organic ions with 27 at<»ms Thosr \m(1i f(.\v,.r atfUiis have a 
smaller, those with more a larger, radius than 2 .S X 10 cm and tla're is no 
discontinuity in pa.ssing through this jioint. 

Influence of Temperature on Conductivity: 'I'ln' specific conducfance k in- 
creases, usually, about 2 per cent per degree iim* in temperafiire in acpieons 
solutions. Kohlrausch ' represents the efTecf by the formula. 

Kt = K,s[l 4- ait - IS) -f 0.0177(0 - 0 0177)(/ - 

where ki and k\h are the conducti\ ifies at U and IS” (' , and « is a specific 
constant wdiich, in very dilute .solutions, \.aries from 0 Ib.'J for llXOa to 0.0202 
for NaiCOj.® 

' Magic, lin . 25, 171 (1000). Ann. Phi/^ih, 30, S7.1 (MXKl), atioru, 

Cfu-m., 116, 42 (1021) (tables of A iiii<l li), .l»i« /Vi;/,x;A-. 44, l(Hi7 (1011). 37. 51 

(1912), finds that A\ith n>ic »)f tcnincratiin", .1 H tends t4» the Nutne vaiia* fe»r all eh'etrol.\ ten. 

^ Jiihrh. Jindwnkt Plf kirotnk, 2, 110 (1011). 13,27.1(1010) 

*Z. atiorg. Chftti., 105, 17.5 (1010), ef. vmi JI< \en', Kollo, d 7. , 21. 120 (1017). 

Ur. Prvm^ Akad . 1020 (1001). .572 (10tl2). 

* TemiKTiiture eoeffieient-.. Mr Knlranseh ari<l Hnllxtrii, I/'it MTiinigen, p. I KitT.; Kohl- 
rati.seh and Cirotrian, -Inn. Phynik. 154, 1, 21.5 (1S7.5), Crotrian. 151, .'17H (1 h 74), on finidity, 
lUd., 157. I.IO (lH7r»), 160, 2.1S (ls77). 8. .520 (1S70), Knlilniuseh, dnd., 159, 2:i:) (1870); 
Otten, Munich (1HS7). Sark, -Inn. Phj/sik-, 43, 212 (ISOl), llnll.-iml, ihid., 50, .HO 

(1893), Beetz, ihid., 117, 1 (lsr>2); V'lnrentiiu, Alli Torino, 20, 800 (1H8.5); KrannhalH, 
Z. physik. Chcvi., 5, 2.50 (1800); .Xrrheniii''. ihul , 1. tWll (1887), 4, 0(1 (1880); g, 419 (1891); 
9. 339 (1892): Schaller, dnd , 25, 497 (1808). li .lahii, dod., 16, 72 (189.5); Hiidolphi, ihul, 
17, 277 (189.5): Dorn and VollnnT, -Inn. Phy'ok, 60, 4(>8 (1897), W. Foster, Phyn. itev., 8, 
257 (1899), KahJenl^crg, J. Phys. Chrm., 5. 3.39 (11X11); H. D, .Jones aixl Dougliw, Am. 
Chfm. J., 26, 428 (19UU); J.>le and Hiwking. Phil. Mog., 3, 487 (HX)2), Hnlett and Allen, 
J. Am. Chrm. Hoc., 24. 667 (1902); Ilantzhch and Davidaon, Her., 31, 1612 (1898); Dennhardt, 
Ann. Physik, 67, 325 (1899), A. A, Nojcf*. Puh 63, ('arrugic Inst. Washington, UK)7; Noyea 
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A more accurate form of Kohlrausch’s equation is: 

= K,l\ + a(t - 18) 4- 0.0163(a - 0.0174)(/ - IS)*].! 

The equations may be applied to incompletely ionized electrolytes with close 
approximation.* Arrhenius pointed out that in such cases the heat of ioniza- 
tion is involved, and in some instances the decrease of ionization with rise of 
temperature may outweij^h the increase of mobility, when a negative temper- 
ature coefficient results (e.g., phosphoric and phosphorous acids), and a 
maximum conductivity is reached at a particular temperature.® This is 
generally found also at high temperature.**.* The temperature of the maximum 
is lower the more concentrated the solution. The work of Noyes and his 
collaborators showed that the higher the conductance of the solution the 
lower the temperature of the maximum and the lower the concentration at 
which the maximum appears at a given temperature. The more complex the 
salt the lower the temperature and the lower the concentration at which the 
maximum appears. For strong acids the maxima lie at temperatures con- 
siderably below those of binary salts. The ionization of strong electrolytes, 
apparently without exception, decreases with rise of temperature, but at lower 
temperatures the rate of decrea.se is relatively small. In the case of weak 
acids and ba.sc.s the ionization increases between 0° and 40® and then decreases 
rapidly at higher temperatures. Sulphuric acid, which ionizes in stages, 
exhibits peculiarities at different concentrations. The ionization constant of 

and CoolidKO, Z, phyaik. Chan., 46, 32,3 (1903) (NaCl and KCl to 300®); Kato, Mem. Coll. 
SH. Eng. Kyoto, i, 332 (1908) (llaSO^ to 218°); Noyes and Falk, J. Am. Chem. Soc., 34, 
454 (1912) (0° and 18°); Noyes and .Johnston, ibid., 31, 987 (1909); Johnston, ibid., 31, 
1010 (1909) (to l-W®); Noyes, Kato and Sostnan, Z. Physik Chem., 73, 1 (1910) (to 306°); 
Noyes, Melchor, Cooper and Flastinan, ibuL, 70, 33.5 (1909) (to 300°); (Jausen, Ann. Physik, 
37, 51 (1011); n. C. Jones, Pub. 170, Carnegie Inst. Wa.shinglon, 1912 (0° to 65°); Jones 
and Clctnian, Z. physik. Chem., 49, 3.S5 (1904); Jones and Jaeohson, ibid., 40, 3.55 (1908), 
Jones and West, Am. Chem. J., 34, 3.57 (1905); 44, 481 (1911); Jones and White, ibid., 42. 
620 (1909); Jones and Howard, ibid., 48, 500 (1913); Jones and Winston, ibid., 46. 368 
(1912); Hartoli, Herul. Inst. Lombard., 28, 246 (1895); Baur, Z. physik. Chem., 23, 409 (1897); 
Bousfield and Lowry, Proe. Hoy. Soc., 71, 42 (1903); D6f?uisno, Dias., Straaburg, 1895; Euler, 
Z. physik. Chem., 21, 257 (1896); Felipe, Physik. Z., 6, 422 (1905); Gnesotto, Alii Inst. 
Veneto, 59, ii, 987 (19(X)); Hechler, Ann. Physik, 15, 157 (1904); Hunt, J. Am. Chem. Soc., 
33, 795 (1911); Kuna, Z. physik. Chem., 42, 591 (1903); Lussana, AHi Inst. Veneto, 4, 1466 
(1893); Muller, Bull. Soc. Chim. France, 11, 1001 (1912); Rasch and Hinrichson, Z. Elck- 
trochern.. 14, 46 (1908); Whethani, Phil. Trans., 194, .321 (1900); Proc. Roy. Soc., 71, 3.32 
(1903); WOrniann, Ann. Physik, 29, 194, 623 (1909); Wood, Z. physik. Chem., 18, 521 
(1895); Nomiand, J. Chem. Soc., 107, 285 (1916). 

‘ Luther, in Winkoljiaunn’s ITiysik, IV, i, 425. 

> Arrhenius, Z. physik. Chem., 4, 96 (1889); 9, 3.39 (1892); Euler, ibid., 21, 267 (1896); 
Rivals, Comjri. rend., 125, 574 (1897); Steinwehr, Z. physik. Chem., 38, 185 (1901); Kortright, 
Am. Chim. J., 18, 365 (1896); HanUsch, Her.. 32, 3066 (1899); Guichard. ibid., 32, 1723 
(1899); Aliegg, ibid., 33, 393 (1900); Jaeger and Kapma, Z. pHysik. Chem., 113, 27 (1920) 
(accurate measurements to 1600° with fused salts). 

* Cf. Pack, Ann. Phyeik, 43. 212 (1891); Jones and MacKay, Am. Chem. J., 19. 83 (1897). 

* Malthy. Z. physik. Chem., 18, 133 (1895); Hagcnbach, Ann. Physik, 5, 276 (1901); 
Kramers, Arch. Nierl., 1, 465 (1898); especially the work of Noyes and collaborators in 
preceding leferences. 
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water Kie = [H increases very rapidly at lower temperatures, passing 

through a maximum about 218®, and then decreases: 


The results with salts at high temperatures may be affected by hydrolysis. 

Larmor* suggests that the temperature expression 1 + at -f /?/* may be 
factorized: (1 + d" ^^nd considers that a expresses the effect on the 
viscosity of the solvent, and b that on the electrolyte. Lyle and Hosking * 
showed that the equivalent conductance and fluidity of sohjtions of NaCl, 
when plotted against temperature, give similar but mtt identical curves, which 
indicate that both A and fluidity would vanish at ~ .‘irKr)® Rasch and 
Hinrichsen* suggest the relation log x = - yIT + C, where y and C are 

constants. r * r • 

Kohlrausch’s Law : A simple relation between values of A« for various 
salts in dilute solution was discovered by F. Kohlrauscli ♦ in IS^o, and con- 
firmed by later more accurate measurement.s.‘ The following table gives 
values of A 00 for two pairs of salts with common ions' 


The values (KCI - KNO.) an, I (NaCI - ^ "I' 

spectivcly; those of (KCI - Nn('l) aial (KNOi - NaNff.Oirc 21.11 and -1. 
respectively. The differonco for t«o kali,.n.^ is in.lcpeinlont of the anions and 
via aai. ' The relation, which i.^ |,eif<'Cl l.v general in very ddnie sointn.ns. 

shows (as Kohlransch pointc n, is::,) Ihe linntinK e.|n, valent e,,^ 

ductance of a salt i.s a.hlitivoly cnn„,..e,l „f lw„ parts the '■■'“I ''-M- ' ' !« 
only on the kation and the seen, I only on the anion. I his iinlicates that in 
solution the two ions move imlepemlently. Thus we can always write: 

The terms and .k are called by Kohlransch the 
kation, respectively. The equivalent eomlnctanc at inhnile .hintion 
sum of the mobilities of anion and kalmn at a Kiven , ; , , ,, 

When values of A. arc known, the lalue of "»<• mobility will ennbicall the 
resuo be calculated. Tbe mobility is cloudy r.date,! to the 
ratio which Rives the fraction of the total current carricl by the ion, as wil 
be explained later. Since the nuRration ratio of KCI is practically imlependent 

• PhU, Trant,, 204. 290 (1901). 

3, 487 (1902). t willi OfUle Hci«b, Miiii'l»il». 

*Z. EUktrochem., 14, 41 (I'90S,. ictpcraluru cITut with 

iJtiz. chim. Hal., 46, 298 (1910). 

t,»,: .SU,. ts.. nr.,«. dXad. Ikw.., 

681 (1902); LeitvermOgen, 1916, p. 104. 
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of temperature and concentration, it was taken by Kohlrausch as the basi^ of 
his calculations. By a small extrapolation he found, at 18^, 

Jk/Ja - 0.47010.508. 

Ifence, «/«• = 0.497 X 130.10 = 64.6, and = 0.503 X 130.10 = 65 5. 
Thence, the values of the mobilities in the following table, referring to is” 
were calculated from the values of A«, for the salts. The table includes also 
the values of Noyes and Falk * whenever possible. Starred values are un- 
certain. 


TABLE III 

Modilities ok Ions at 18° C. 



1 

c X io< 


i 

c X 10< 


1 

c X 19' 

Li’ 

.’l.'L.'J 

205 

SCN' 

.56.7 

221 

jMtt” 

45.9 

250 

Na’ . 

4;i.4 

244 

CAUOi' 

25.7 

244 

IZn" 

47.0 

254 

V 

40.6 

258 

CHOa' 

47* 

— 

iCu” 

45.9 



Ak’. . 

.')!.() 

229 

('jHaOj' 

55* 

258 

ICil” 

46.4 

245 

K- , 

(H.O 

217 

(’jIL( h' 

51* 

— 

isr” 

51.9 

247 

(T. . 

0,')..') 

210 

lOa' 

54.0 

254 

K’a” 

51.9 

247 

Tl’ . 

0.5.9 

215 

CIOs' 

.55. 1 

215 

jMir 

55.4 

259 

r . . . 

00.0 

215 

Mr().s' 

47.0 

— 

iPh ’ 

00.8 

240 

Mr' 

07.7 

215 

lo/ 

48 

— 

ilia” 

58* 

259 

HI)’.. , 

07.5 

214 

(’IO4' 

M 


ic20." 

0 : 1.0 

251 

(V. . . 

08 

212 

NO./ 

01.8 

20.5 

ISO 4 " 

08.5 

227 

H’ 

;n;i.9* 

1,54 

OH' 

174 

180 

B’rOi" 

72* 



NIL’ . 

04.7 

222 

iNi” 

41 


•B’O/' 

00* 

270 

iMo” . 

28 

~ 

i Fc” 

45 

— 

iFo- 









(CN)«"" 

95.0 

— 

jMa”. 

H 


3 

01 


lAl- 

40 

— 


15 

— 


45 

__ 

iLu’ 

01.0 

__ 







JSin’” 

,55.5 

— 







iTh’” 

25.5 

— 


The values of c are temperature coclFicicnts, i.c., (1,, - — t,)/, where 

I — (It, T- lti)l2. From tliesc the values at other temperatures than 18° may 
be calculated. 

The physical meaning of Kohlrausch's law is clear from the point of view 
of the ionic theory: the conductivity is due only to the free ions, and is addi- 
tivcly composed of the terms due to the latter. By addition of the value.s 
for H and CjHaO/, for example, we obtain the value of A« for the weak acid 
CHaCOOH, which cannot be obtained directly. The valuCvS for the anions of 
weak acids and for the kations of weak bases may be found from the values of 
Aflo for salts, since nearly all salts, even of weak acids and ba.ses, are highly 
ionized at high dilutions. Thus, for acetic acid = 313.9 -f 35 = 348.9. 

' J. Am. Chetn. Site.. 34 . 461 (11)12). 

* Keijdall, J. Chem. Soc., 101, 1275 (1912). 
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The mass law 

(A/Ao)*c/(I - A/Ao) = con.st. 
leads to the following equation for a weak electrolyte: 

Ao = AA,(fA - r,A,) '(eA» - rA.-), 

where A and Ai are the equivalent conductances at concentrations c and Cj. 
Derick * points out that if the value so calculated for a weak acid such as 
acetic is in agreement with that calculated by subtracting from Aofor the 
sodium salt, and adding to the same valiu* of Ao should be found by the 
latter process as by the above method. This provid(>s a check on the value 
of o/h » and also serves to indicate whether a “water correction” is necessary 
in the case of organic acids and transition electrolytes. 

The values of I for H ' and OH' are seen to be of great importance. They an' 
noticeably higher than those for other ions, and their tleterniination is dillicult. 
XoyesandSammet‘-‘give329.Sat IS® for IT, and 171 for OH'. Kendall * gi\es 
for H‘ the values 313.9 ± 0.1 at is®, and 317 2 ± 0.1 at 2:)®. A large number of 
values for inorganic and organic ions are given by Hredig. 'Die-se ♦ require 
multiplication by l.OGO to reduce to ohm They refer to 25®. 

When the solutions are not very dilute, Kohlraiisch’s law no longi'r holds. 
The deviations may he a.ssumed due to incomplete ionization;'’ 

A = aU, 4- M. 

Hence, 

« = A/A«. 

The mobilities are here as.sumed constant, and sinc<‘ the conductance is propor- 
tional to the number of ions, the rate at which they mo\e, and their charges, 
the changes of conductance arc referred solely to change.s in tlie number of 
ions. Another way i.s to a.ssume the conductance alway.s the .sum of tin* 
mobilities, the latter varying witli dilution. 

A = /a + /*. 

This probably holds good at all concentrations, and gives (he sure.st'’' form of 
Kohlrau.sch's theory. It will be noticed that a cannot be found unless the 
mobilities are assumed constant, or the changes with dilution are known. 

The calculation of a from conductivitie.s when ionization (»ccurs in stages, 
e.g., H1SO4 H '-f- HSO4' ^ 211 '-f >404", requires special conHiderati(»n, and 
will be taken up later.^ 

« J. Am. Chem. Soc., 36, 2268 (1914). 

*Z. physik. Chem., 43, 49 (IIKW). 

* J. Chem. Soc.. 101, 1275 (1912), with disruKHion of prcviotiH values. 

*Z. physik. Chem., 13. 191 (1894). 

‘ (38twald, Z. physik. Chem., 2, 840 (1888). 

• Whetham, Theory of Solution, 1902, p. 226. 

’See p. 549; Harkins, J. Am. Chem. Hoe., 33. 1836 (1911). 
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Absolute Mobilities: From the values of la and /* expressed in ohm~* it 
possible to calculate the absolute velocities in cm. per sec. Under a potentja] 
gradient of 1 volt per cm., represented by v and u, or under 
a force of 1 dyne, represented by V, V} Consider the 
solution in a centimeter cube with electrodes at opposite 
faces, and let there be a P.D. of 1 volt between the elec- 
trodes (Fig. 12). The current through the cell will be 
the specific conductance, k ampere. Let the concentration 
Y] be so small that the solute is completely ionized, then 
the miniber of coulombs transported per second is- 

K ^Aqq Vitfila "l~ colk)- 



Fi(4. 12 


Let V and v bo the velocities in cm. per sec. per volt per cm., for kation and 
anion, respectively. All kationsin a length u of the cube will have moved 
through a given section in 1 second, and similarly all the anions in a length v. 
These are urj gm. equiv. and vrj gm. equiv., respectively. Each equivalent 
transports 96,500 coulombs, hence the transport in both directions per second 
will be 96,500fu 4* v)rj. This is the total current, hence: 

v(»lk + »la) ~ 96,500);(u -f v); 


. . u — O.O4IO36 talk and V == O.O4IO36 ^la in cm. /sec. per volt/cm. 

To find U and V we remember that 1 electromagnetic unit of quantity is 
10 coulombs, and that 1 volt is 10* E.M.U. The work done in transporting 
1 gm. equiv. 1 cm, under a P.D. of 1 volt/cm. is thus 9650 X 10* ergs, and the 
force acting on it is 9650 X 10* dynes. The force and velocity are propor- 
tional, on account of the viscous drag, hence the forces required to impart 
unit velocity to each ion are 9650 X 10 */m and 9650 X 10*/t/, respectively. 
The velocities under unit force (1 dyne) are thus: 

U = u/9650 X 10* cm./sec., and V = t;/9650.10* cm. /sec. 

Since 1 gram weight is 981 dynes, the forces in kgm. wt. to impart unit velocity 
are 9.8 X 10*/u and 9.8 X 10*/t>. If M is the equivalent weight, the forces 
per ^am of ion are 9.8 X W/Miu and 9.8 X 10VM;t?. To impart unit 
velocity to 1 gram of potassium ions requires a force of 38,000,000 kgm. wt. 
This explains the extreme slowness of motion of ions in solution. From the 
values of 1* and l„ the velocities of K ' and Cl' ions under a potential gradient 
of 1 volt/om. are .calculated from the above equations as 0.00066 cm./sec., 
and 0.00067 cm./sec., respectively. 

The force required to impart unit velocity to a single ion is O.S.lOVi^ot* 
kgm. wt., where =» Avogadro's constant. For theK* ion this is 2.5 X 10“* 
milligram weight. 

The Migration of Ions: Transport Number. Indications that ions move at 

^Kohlrauwsh, Ann. Physik, 6. 106 (1879); LeitvermSgen, p. 105: Budde. Ann. Phvaik 
156 , 618 ( 1876 ). ’ 
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unequal rates in electrolysis had been obtained by Cnielin,' and especially by 
Daniell and Miller, ^ but on account of the ureat eviM>rimental difficulties no 
reliable information was available until the work of Hittorf,* IwRun in 1853. 

The principle of the method is seen fr«»in Fijr. 13. The trouRh A H is dividetl 
by partitions C and D, either real (apparatus with <liaphragins) or ininKinnry 

(apparatus witjiout diaphraums), into 
three parts. These diaphraffins are per- 
fectly permeable and their object is to 
prevent mixing of the liquids by dif- 
fusion. bet the trough be tilled with an 
electrolyte, say IK'I, the ions of wliieh 
move with speeds in the ratio H’ fT = 
5/1. Let 1 F be passed through from 
electrodes .1 and H. Tlic following 
changes occur: 

(i) In AC. Total loss of II* = 1 ecpiivalent, of whioli 5/0 migrated in 
from CD and hence 1/0 w'as taken from /If’. Also 1/6 (^1' has migrated from 
AC to CD, Thus 1/0 mol. HCl is lost from A(,\ 

(ii) In CD, There is a migration of 5/0 11* from HD and 5/0 H’ to /IC. 
Also 1/6 Cl' migrates in from AC and 1/0 (T out to HD. Total loss nil. 

(iii) In HD. Total loss of C’l' is 1 e(|uivalent, of which 1/6 migrates in 
from CD and 5/6 therefore come from HD. Al.^o 5/6 H* migrate out of HD 
to CD. The total loss of IK'I from HD is 5/0 mol. 

The losses in neutral electrolyte viokcules (II(’l) remnd the electrodes arrj 
in the ratio of the velocities of the ions moving away from the electrodes. 
This result is easily gencralize<l.* 

If in electrolysis 1 equivalent of k.ation is deposited, a fraction n is taken 
from the immediate vicinity of the electrode, and the fraction (1 - n) migrates 
into the kathode space from the bulk of the solution. Thus n equivalents of 
anion must migrate out of tlie kathode space to make up the total charge F 
crossing any section of the electrolyte, riio current is carried by anions and 
kations in the ratio n : (1 — n). The fraction n was called by Hittorf the 
transport number of the anion. The transp(>rt number (»f the kation is 1 — n. 
If Ik, la are the mobilities of the two ions, then, by definition: 

hlL = (1 - n)/«- 

This gives the ratio of h/U wdien n is known; their sum is equal to A, hence 
Ik and la may be calculated separately.® 

There is never the slightest separation of the ions in the bulk of the solu- 

‘ Ann. Phyaik, 44, 30 (1H.3S). 

Trana., 134, 1 (1H44). 

*Ann. Phyaik. 89, 177 (lS.5.3j. 98. 1 103, 1 100, 3.37, 513 (1859); re- 

printed in Ostwald’s Klaasik^r, Noh. 21 and 2.1, Letjnty, ISUl, Ann. Phyaik, 4, 374 (1878); 
Z. phyaik. Cham., 39, 613 (1901) , 43, 2.39 (1903), Hittorf and Halkowuki, ihul , 28, .546 (1899). 

* See Larmor, /Ether and Matter, f)iimbrid8e, ItKX), p. 29<J. 

* F. Koblrausch, Gdlttng. .Xnehr., 1S76, p. 213; cf. pp. 5.39, 540. 
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tion, and the result is independent of the ultimate fate of the ions which 
move,* 

In the case of mixed electrolytes, Hittorf assumed that they carry the 
current in the ratio of their conductivities. The detailed calculation, which 
involves the theory of ionization, shows that the quantity of any ion passing 
a cross section is proportional to its concentration in the mixture and to its 
mobility.* 

Determination of Transport Numbers: In the determination of transport 
numbers the possibility of the existence of complex ions must be kept in mind, 
and, if these are present, the transport of one ion only will not give correct 
results. In some cases the metal ion may unite with salt, or a complex anion 
may be formed, by which metal is carried to the anode. The presence of 
complex ions may be detected by transport measurements.® 

The principal types of apparatus used are shown in Fig. 14. Type a, 
used by Hittorf, is provided with membranes; the anode, usually cadmium, 
is in the lower vessel, and the platinum kathode in the upper. The membranes 
are not without influence on the results, < and are not now used. Apparatus 
5, used by Hittorf, Lenz,** Hopfgartner,® Jahn ^ and Rieger,® is provided with 
a glass plug for separating the anode and kathode spaces after the experiment, 
and is a good type. Tyi)e c is a simple one used by Weiske,® Lussana,*** Hell wig, 

• HiUorf, Ann. Phynik, 103 , 1 (1858). Soo also Whetham. Phil. Tram.. 184 , 337 (1893); 
Z. physik. Chan., 11 , 220 (1893); Kohlrau.sch, Ann. Phy.nk, 62 , 209 (1897); Weber, Z. 
phynik. Chem., 4 , 182 (1889); Sitz. her. premn. Akad., p. 507 (1897); Ma.ssoii, Phil. Trans., 
192 , 331 (1809): Z. physik. Chem., 29 , 501 (1899); Stoelo, ibid., 40 , 089 (1902); Abejrg and 
(lauKfl, ibid., 40 , 737 (1902); Kamincl, Ann. Physik, 46 , 105 (1892); Zahn, %b\d., 48 , 600 
(1893); Lorenz and Posen, Z. anorg. Chem., 95 , 340 (1910). 

Staekellx'rK. Z. physik. Chem., 23 , 493 (1897); Hopfgartiicr, d)ui., 25 , 115 (1898); 
IlofTnieistor, iind., 27 , 345 (1898); Schrader, Z. Elektrochem., 3 , 498 (1897), Rieger, ibid., 7 , 

80.3 (1001); Pfanhauser, ibid., 7 . 098 (1901); Hellwig, Z. anorg. Chan., 25 , 157 (1901); 

Medregor and Airhlbald, Phil. Mag., 45 . 151 (1898); Hraley and Hall, J. Am. Chem. Soc ', 
42 , 1770 (1920); Schneider and Hraley. ibid., 45 , 1121 (1923). 

•Hittorf, Ann. Physik, 106 , 513 (1859); Rosenheim, Z. anorg. Chan., 11 , 175 (1890); 
Kistiakowski, Z. physik. Chan., 6 , 97 (1890); Hellwig, Z. anorg. Chan., 25 , 157 (1901); 
Morse, Z. physik. ('hem. 41 , 709 (1902); Kremnnn, Z. anorg. Chem., 33 , 87 (1903); 35 , 

48 (1003): Hredig. ibid., 34 , 202 (118)3) ; Coehn. Bar., 35 , 2673 (11K)2): Whetham, Phil. 

Trans., 184 , 358 (1893); Steele, ibid., 198 , 1.33 (1902); Schlundt. J. Phys. Chem., 6 , 159 
(1902): Hoym, Ann. Physique, 12, 44.3 (1919), Falk. J. Am. Chem. Sor., 32 , 1555 (1910); 
Hraley and Hall, ibui., 42 , 177 (1920); Hixon, Medd. K. Vetemk. Xobel Inst., 4 , No. 12 (1922); 
Schneider and Hraley, J. Am. Chan. Boe.. 45 , 1121 (1923); Bray and Mackay, ibUl., 32 , 
914 (1910); Sandonnini, Gazelta, 46 , ii, 205 (1910); Lorenz and Posen, Z. anorg. Chan., 
95 , 340 (1910); Druekor, Z, hlektrochem., 18 , 230 (1912); Costachescu and .\i) 08 loi, .4/ta. 
Bci. Univ, Jassy, 7 , 101 (1912); Jaque.s, Complex Ions, 1914, Chap. Ill, 

*Hein. Z. physik. Chem., 28 , 439 (1.898); Hittorf, ibid., 39 , 613 (1901); 43 , 2.39 (1903). 

•Ann. Physik Bcibl., 7, 399 (188;i). 

•Z. physik. Chan.. 25. 119 (1898). 

' Z. physik. Chem., 37 , 073 (1901); 38 . 127 (1902), 

• Z. Elektrochem., 7, 863 (1901). 

• .4nn. Physik, 103 , 466 (1858). 

“ A«». /n.s/. Venelo, 3 , 1111 (1.892); 4 . 1563 (1893). 
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Rieger, and Mather,^ in which the spaces are separated by a wide stopcock. 
In type d, used by Wiedenmnn ^ and Kirniis,* the sei)aratioii is effected by 
letting air into the siphon. Type e was used by Xoyes.^ After electrolysis 
the ends are closed and liquid pipetted from the upper tubulures. During 
electrolysis Noyes kept the liquids round the electrodes constantly neutral 
by adding acid or alkali. In t3'pes /, g, and h, used by Xernst and boeb 



Appanitus Ap|.ai-at.<,s 


(type g modified),*- Bern ftvpe h modified),'' Ki4iakouski (tyi)e g),-> ('nrrnrn 
(type h) « and Denison aiul Steele (type/)," Mu- Iniuids may be run out and 
weighed. Type h is a good one. The object of the bulbs is to decrease re- 
sistance, which causes heating aiul convection currents. 

Hittorf‘0 used the apparatus sllo^^n in I'ig l.>. ( a.lmium is u.sed for the 

anode, platinum for the kathode. The <-leclrol>te is Xa('l. is formed 

Mm. Chcm. ./., 26. 47:i (l'.M)l). 

* Ann. Phusik, 87, :m (lS.Wi. 99, 177 (ls.'.<0 

* Ann. Physik, 4 , .->0.3 (IS7S). 

*Z. physik. Chem., 36, 6.3 (10011. 

»Z. physik. Chem., 2, 948 (isSS). 

*Ibid., 27, 23 (1898). 

Ubid., 6, m (1890). 

* Afem. Acad. Lined, 4, .338 (l‘.K)l). 

*J. Chem. Soe.. 81, 456 (1902). 

«»C’f. Ann. Physik, 103, 1 (1S3H). Hem. bx. cU. 
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at the anode, and Cd ’ ‘ ions move towards the kathode, but, being slow, never 
catch the Na* ions, the two layers of liquid remaining separate as shown. 
At the kathode, all the Cl' ions have migrated away and are replaced by OH' 
ions from the water, and, as these are fast ions, there is mixing, as shown. 
The hydrogen rises from the kathode and does not cause mixing in the bulk 
of the liquid. 

The original NaCl solution contained 0.01784 per cent Cl and was con- 
tained in an apparatus in three parts, with taps. The weights of solution in 
these were: anode part, 226.99 gm.; middle part, 195.24 gm.; kathode part, 
331.49 gm. The weights of Cl in these before electrolysis were therefore 
0.04048 gm., 0.03482 gm., and 0.05913 gm. (Note the small quantities.) The 
weights found after the experiment were 0.04671 gm., 0.03483 gm., and 0.05289 
gm. The middle part was unchanged, the anode gained 0.00623 gm., and the 
kathode lost 0.00624 gm. A voltage of 150 was applied for 108 minutes, and 
the weight of silver deposited in a couloraeter in series was equivalent to 
0.01021 gm. Cl. (Note the small weights involved.) The migration ratio of 
Cl in NaCl is thus 0.00024/0.01021 = 0.611. This example has been given 
to show the weak currents, long times, and small transports which must be 
used in such experiments. In Noyes' experiments, on the other hand, a 
current of 0.02 to 0.18 amp. was used for 7 hours, a much greater transport 
was obtained, and the results were correspondingly more accurate. 

The following table gives some directly measured transport numbers of 
the anions of salts. Values marked * are less accurate. The temperature is 
18° and aqueous solutions were used. The concentrations are in gm. equiva- 
lents per liter} 

TABLE IV 

Tkanspoht Numukks of Anions of Salts at IH'’ C. 


m = 

0.01 

0.02 

0.05 

0.1 

0.2 

0.5 

1 

2 

.5 

KCl 1 










KBr 1 

NH 4 CI f 

.500 

.507 

..507 

..508 

.509 

.513 

.514 

.515 

.516* 

KI J 










NaCl 

__ 


.014 

.017 

.020 

.026 

.037 

.042* 

.0,50* 

LiCl 


.05 

.07 

.69 

.71 

.73 

.739 

.745 

.774 

KNO, 



-- 

.497 

.490 

.492 

.487 

.479 

— 

AgNOi ... . 

..52S 

.528 

..528 

.528 

..527 

.519 

..501 

.476 

— 

KOH 

__ 

— 

— 

.7.35 

.7.30 

.7.38* 

.740* 

— 

— 

HCl 



.172 

.172 

.172 

.173 

.176 

.18* 

.238* 

iBaCl, 

.50* 

.505* 

.575* 

.585* 

.695* 

.615* 

.040* 

.657 

— 

jCdl, 

.56 

.59 

.64 

.71* 

.83* 

1.00* 

1.12 

1.22-2.6 

— 

iCuS04 

— 

.02 

.020 

.0,32 

.643 

.008 

.690 

.720 

— 


In the case of uni-univalent salts the ratio is not very dependent on con- 
centration to about 0.2 n., indicating a practically constant ratio of U and U. 

> Kohlmusoh and Holborn, Loitvertuogeu, pp. 213 fT.; Luther, Winkeimann'i Physik, 
IV, i, 889 fif. 
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Sodium salts are less constant than potassium salts. Silver nitrate, which 
has been very carefully investigated, also shows constant results. AcitU and 
bases with univalent ions give constant ratios up to about 0.2 Other 
salts show deviations even at 0.01 n. Cadmium iodide exhibits a strong 
tendency to complex ion formation, giving a value of n ultimately greater than 
unity. Sulphates give less constant values than halogen salts, indicating 
greater tendency to complex formation.* 

The Moving Boundary Method: I.odgc* filled a tube with .saline jelly, to 
which phenolphthalein was added, colored red by a trace of alkali. One end 
was in contact with dilute acid, and on passing a current the color was pro- 
gressively bleached, and from the rate of motion of the boundary the velocity 
of H‘ was found to be 0.0025 cm. sec. per volt/cm., as compared with 0.0032 
from Kohlrausch’s method and the transport number. Another method in 
which copper ions were driven through a solution just so fjujt that they were 
able to carry the current without deposition of hydrogen was used by C. L. 
Weber.* 


Lodge’s method was improved by ^ ^ 

Whetham,® who used two solutions with 
a common ion, with the same concen- 
trations and nearly the same specific 
conductances, but different in color 

and density, stratified in a vertical tube ^ pa [“371 

(Fig. 16). In one case 0.1 n. K 2 Cr 2()7 | | I J 

and KaCOi were used. The colored ion || b 

moved and the rate of motion of the 1 1 

boundary could be followed. Addition ^ | s 

of agar did not affect the results, and ^ ^ ^ . — b^ 

the Lodge method could be u.sed. The : | ^ 

gradient of potential was con.stant | g = BA 

through the tube, and from the measured | ^ s --- Q 

current and the motion of the bound- | ^ = 

ary the mobilities could be calculated | = = 

They agreed with Kohlrausch’s valuc.s. = Q 

The general theory of the method 1 

is as follows.® A solution of the salt 
AB investigated is stratified between 

solutions of salts B'A and BA', having m. whciliun»’« Appa- Fi«. 17 

the same anion and kation, respectively, r<uuK for Moving Houndory 
and lighter and denser than AB, Mu,n,urcn.oniH. 

■ Kram, BeotriciiUy Conducting Sy.ten... ,>■ 21. 'hink" vnrialion. nt higher ooncontmtion. 
are oonaeoted with changes of viscosity. 

*Kammel, Ann. Physik, 64 655 (1898). 

•z'niiMft eSm’^isZ a88»>: Sheldon »nd Downing, Pkyt. Ret.. I, 51 (1893), 

• m V; 1893); 185, 507 (1895); PkU. 38, 398 (1894). 

•a. Smith. J. Am. Ckcm. Soc.. 45. 2246 (1923). 
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giving the boundaries a and 5, which may be seen owing to the different re- 
fractive indices of the solutions, even when these are colorless.* After passage 
of the current the boundaries move to a\ b'. The ratio of the distances: 
aa'Iiaa' -{- bl/) then gives the transport number of one ion. The ions B' and 
A' must have smaller mobilities than B and A, respectively, in order that the 
boundaries may remain sharp.* If only one boundary is measured, the current 
must also be measured. 

An error in this method was pointed out by G. N. Lewis,® viz., the shrinkage 
of a vertical column of liquid when concentration changes occur at the elec- 
trodes, causing a shift in the position of the boundary. These may be allowed 
for in the calculation, but the method as a whole does not seem at present to 
give satisfactory results. 

The three methods used for the determination of transport numbers ^ are 
(i) the gravimetric method of Hittorf; (ii) the moving boundary method, (iii) 
from conductivity, making use of Kohlrausch’s law. These have been fully 
discussed by Noyes and Falk.'* The values from (i) and (ii) agree at 18° 
within 1 per cent for 11(1, UNO;,, II, SO^, KGl, K,SO, and NILCl, but for 
other substances (i) gives results 2.5 to 3 per cent higher than (ii). Method 
(iii) gives results 1 to 3 per cent higher than (ii) for uni-univalent salts, and 
the sccoFid method is therefore suspected. In the case of almost all uni- 
univalent substances the values from (iii) at infinite dilution agree to about 1 

'Steele, Phil. Trans., 198, 10, 5 (1002); Z. physik. Cfnm., 40, 0«0 (1902); Steele's work 
wiw ttdver«cly criticized by Abegg and Claus, Z. physik. Chem., 40, 7:i7 (1902). and by Denison, 
itiid., 44, flTfj (1903). Deninon was al)lo to improve the method to .some extent, Denison 
and Steele, Phil. Tram., 205, 449 (1900); T,an.s. Farad. So\, 5, 10.) (1909); cf. Luther in 
Winkolinnnn’s Physik, IV, i, S89, Nernst, Z. Klektrochem., 3. :10.S (1H97). The moving 
boundary method was iil.so used by Masson, Phil. Tram., 192, .3.31 (bSOO); Z. physik Chem 
29. .'jOl (1H99). 

» Kohlrausch, Ann. Physik, 62, 209 (1H97); \Velx*r, SiU. Her. Priim. Akad., p. .W (1897), 
Z. physik. Chem., 4, 182 (1889); Lane, Z. ano,y. Chem., 93, 329 (191.j): Lorenz and Neu, 
ibid., 116, 46 (1921); Meinne.s and Smith, ./. .Dm. Chem. Hoe., 45, 2240 (1923). 

*J. Am. Chem. Hoe., 32, 802 (1910), No>es and Falk, ilnd., 33, 14.30 (1911), regard the 
method as unsatisfactory. 

♦Additional papers on apparatu.s and cahmlation of transport numl)ers: Findlay, Chem. 
News, 100, IS,*) (1909); Chittock. Proe. Camhndye Phil. Soe., 15, 55 (1909) (very low cones.) ; 
Riesenfeld and Keinliold, Z. phy.iik. Chem., 68. 440 (1909), Noyes and Stewart, J. Am', 
('hem. Soe., 32, 11.3.3 (1910), Falk, ibid., 32. 1,5.6.') (1910); Dmcker, Z. Klektrochem.. 17. 
.398 (1911): 19, 8 (1913); Dhar and Hhattacharyya, Z. anory. Chem., 82, 141 (1913); Proc. 
K. Akad. b’e/rmy. Amsterdam, 18, .37.5 (1915) (at 0°); Strachan and C'hu, J. Am. Chem. Soe., 
36, 810 (1914); Kraus, dad., 36. .35 (1914); Quagliuriollo and d’.Cgostino, .l«t R. Accatl. 
Lined, 24, i, 0.38, 772 (1915); Ilojdweiller, Z. physik. Chem., 89, 281 (1915); Drucker and 
Krsnjavi, ibid., 62. 731 (1908); Douiner. Cofn/)/. rend., 146, 329, 087, 894 (1908); Doumer 
and (iuilloB, »7)id., 146, 680 (1908); C. H. Clriffiths, Proc. Phys. Soe. London, 28, 132 (1910); 
Stepnieika-Marinkovic, Monatsh., 36. 8;il (1915); Hopfgartner, xbid., 751 (Fe * slightly 
loss mobile than Fe”); Knimreich, Z. Klektrochem., 22, 446 (l9l6), Hevesy, ibid., 27, 21 
(1921) (IF and OH'); BalRirovsk;^. Her. trar. Chim., 42, 229 (1923); Lorenz and Posen, 
Z. anory. Chem., 96, 81 (1910); Scarpa, Aaoro dm.. 3. 308 (1912); Chandler, J. Am. Chem. 
Soc., 34, 002 (1912). 

‘ J, Am. Chem. Soc., 33, 1436 (1911). Cf. Millar, Z. physik. Chem., 69, 436 (1909). 



CONDUCTANCE, IONIZATION AND IONIC EQCILIHEIA r.-tO 


per cent with those from (i) at 0.005 to 0.02 n. The clilferencc falls oiilei.le 
the limits of error with' other salts. 

The migration ratios in fused salts have been inve.‘*tiKatod (.see "Fusetl 
Salts’')- * In fused silver iodide the current is wholly carried by the Ag’ itui; ‘ 
in glivss the kations only carry the current.* 

Dissociation of Ternary Electrolytes: Kohlrau^ch found that the limiting 
conductivity was reached at much higher dilution.s in the cas(‘ of salt.s such as 
BaCl 2 than in the case of K('i, and even higher dilutions in the cas»‘ of >alls 
like MgS 04 . The calculation of the ionization is complicated when it occurs 
in stages: 

+ B'; AB' ^ A" B^ 


and it may be still further complicated by the pre.sence of complex ions. IJn- 
les.s the extent to which each .stage proceeds is known, the conductivity gi\es 
no indication of tlie state of ionization, owing to the dilTerent mobilities of 
the various ions. Tlie matter h.as Immui considere<l by sover.al investigators,^ 
Jellinek {loc. cit.) points out that three «iilTerent mobilities are in u.se; these' 
arc our /, u and U. The value of u depend.s on the valence (chargf') of I he ion, 
that of U is independent of \al(‘nee l.orenz (lor. ril ) sIkiwn tliat when im 
electrolyte dksociates without internu'diate .■plages, the value of a - 
H being the molar conductance, gives correct result", wlul.-'t tin* ratio A 
A being the CQuiuahoit comluctaiice', is (‘(pial to o; only in I In* case' of uni-einivalf*nt 
electrolytes.^ 

When intermediate' ions are feirine'd, howe'xcr, /i/Puc no longer give's the* 
correct value of a. In such ca.sc.s the ionization constants for the separate 
stages must be known.'’' Consider tlic case eif a eliba.sic acni. 

//„j ^ ir -b IIA' .’. /.l[//^U ^ 

JIA'^II- b .1" /. [ff-l'J 

Ic,k, = [//•J[.l"]/[//--l] - Ica, the ie.nizatbm constant for H.A: 

II, A ^2ir + A". 


• <). Ix-hmann. Ann. n,,s,k. 24. I (IS^'O. 38. .i'H'. nssU). 

* Witrlmrg, Ann. /Vii/.si/.. 21. Ol>2 (ISM), ^^■ol.mer a..'! I .•«.•(, ...e.r, ,hul , 35. .... (ISKS). 

rp i-j At wMsnen I/m-ii/- aial I.oi-'II, Z /../(A/rof/Km , 10, C>.'{0 (l.lOl), I/tn'liJt, 

TeKotnieier, Und , 41, is ( ISOO). ‘-“o i*'- , , m ,.1 1 uvi 

Kl..klr„ly»o KO»rhn, KT Sal.,-. ... I-V. ff . (......'I .. ' " -W '"-"'I ' '■ + '• 

Imt the n.cth.Hl is ijicxart. .......I't''' ■*"’ I'-* 

•.-Inn. 26. Iiil , „ ,, , o ..- 

•StHo. Z. phii^ik. Chm. 40, 7.-.> (l'«12), K.........!!. /■ hl,l.l,..h.w i II.«U , 

11 1.4 341 190.-, 1 N'„y.-s :....! 14,. ,W . 12, M..3 < 1910, 

(1912): Mollai,,. M. 1134. I)n..-k,-r, .1.., Z- .19. 797 

20. 19 (1914,: 

(WlTi™;. 3^ «,2 iars.,,.. z' ,7,.,.. . 125. 2S1 <.92-2,. MHlai.., Z. KMro- 

chem.. 11. 215 (190.5). Jollnirk. Z. phyxik ( hem., 76. (1911). 

K’f. Boewticld. Trawi. Fornd Soc , 15. 71 (1919). 

»Cf. Jellinek, loc. ctl., Harkeni*. J- Aw. Chem. Soc., 33, IHAH (1911). 
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The value of k\ may be found from measurements of the partition coeflScient 
between solvents, when the concentration is such that the second stage of the 
ionization is inappreciable,^ or from measurements of freezing-point, and thence 

Ai * aV(l - 

assuming the mass law, or from the conductivity a = the value of /i«, 
being extrapolated by the Ostwald-Bredig rule. The mobility of HA' may 
also he found from conductivity measurements with the salt MHA, and by 
addition of In' the value of for the acid HA' may be found.* 

The value of h may be found by measurement of H ‘ concentration in a 
solution of MU A ^ M' HA' ^ M‘ + H' A" by &n electrode, or by 
the conductivity of MHA at very high dilutions: MHA ^ M' HA' ^ M‘ 
-hH'-^A". If 

+ [X"] = K, 

then 

M = + (1 - K)l,iA' + 2KIa" + Khr, 

^ “ Cm - {hi' + lHA')2Kh‘ + 21 A* ^ - hi A'), 

and from K we can find k 2 by Ostwald's dilution law.® The conductance of 
the acid at very high dilutions may also be determined. Then, if V is the 
volume containing 1 mol., then 

k 2 - [//•][A"]/[//A'] = ail + a)/V(l - a), 

/A = (1 *f a)hi' + (1 — ct)liiA' 4* 2alA”, 

« “ Cm “ {hi' + hiA')2lQft' - hi A' + 21a''), 
again giving Wegscheider * finds 

ki = aC«* ~ - a)']lkiV^{2 - a), 

where a = The value of k 2 may also be found from freezing point 

measurements.® 

At very high dilutions we should expect such ionizations ns: 

MXi ^ MX’ + X' +2X' 

and 

MX, ^ MX,’ + X'^ MX" + 2X' ^ M ‘ ” -h 3X' 

to proceed practically to completion, and since the ions M ‘ ’ and M ” ‘ curry 
twice and three times the charge on an ion M’, we should expect the molar 
conductances to reach limiting values about 2 and 3 times that of the elec- 

‘ Rothmund and Dnickor, Z. physik. Chem., 46. 827 (1903); Drucker, ibid., 49 563 
(1904). 

* Cf. Braun. Z. Kleklrochcm., 14. 729 (1908). 

» Luther, Z. Elektrochcm., 13, 296 (1907). 

*Monat$h., 23, 599 (1902). 

‘Luther, Z. EUktrochtm., 13. 294 (1007); G6bel, Z. phytik. Chem., 71, 657 (1910); 
Jellinek, tbid., 76. 257 (1911). 



CONDUCTANCE, IONIZATION AND IONIC EQUILIBRIA 551 


trolyte MX, respectively. This is found. Again, since the molar conductances 
of salts such as CuSO^ approach a value almo.st double that for ^/A^ the 
ionization probably proceeds in one stage: riiS()4^Cu“ -f- SO/'. These 
results hold also in non-aqueous solvents.^ 

Hydration from Transport Experiments: If an indifTerent substance is 
added to a solution of an electrolyte, the changes «)f comvntration of indifTerent 
substance around the electrodes will depend only on the transport nninlK'irs 
and the hydrations of anion and kation.* If .1 and K are the numl)er8 «>f 
molecules of water bound to anion and kation, then: 

a.4 — (1 — n)/v = /, 

where n is the transport nuniber of the anion and .r the miinborof inols. of 
water transported to the anode or kathode per F. If u, v are the mobilities 
of the kation and anion: 

A — {ulv)K = x/n. 

Values of xfn have been found by Buchbdek,* Washburn,^ and others: 

HCl KV\ NaCl LiC'l 

i/n 1.42 to 1.52 - 1.27 - 1.2-1 - 2.05 

Remy ® found practically the same values when the intermediate liipiid was 
gelatinized and the changes of volume at the electrodes read off on capillary 
tubes. The results were corrected for electneemheinosis, and the mobilities 
in the jelly w'ere found i)ractically the same as in .‘iolutions. On the assump- 
tion that the number of molecules (»f water altaelual to the 11 ion is 1, the 
relative hydrations of other i(ms were found to be: * K , Na , S; Li , 11; Cl , '1, 

Riesenfeld and Reinhold ^ as.sume that IIh* values found in very dilute 
solutions arc the ‘‘true * tran.'^port number'^, whdst tl.o.se found in more con- 
centrated solutions reipiire correction for the transport of water by the ions. 
Consider a solution of 1 etpiiv. of electrolyte m a imd. of water and let 1 F pass. 
At the anode, a mols. H,() will now contain 1 + n eepuv. electrolyte, where n 
is the “observed" transport number. In a f r mols. of HjO there will be 
1 4. „ 4- (j/a) equiv. of electrolyte. If n„ is (he true transport number and A 
and K the numbers of mols. 114) attached t<. anion and kation, respectively, 
then, as before: 

110A — (1 — ao)/v — X. 

' Kraus, Electrically Comlucling p I0.> 

* Nemst, G6Uing. Nachr., 1 (HKX)). 

* Z. phyiik. Chem.. Si, fji'hi (IWWt). , , . 

♦Z. phyttk. Chem., 66, 5i;i (liWO); W:i.shl>urn :iii<l Millunl. ./. Am. Ctwm, Sik., 37, 094 
(1915). Baborovsky, Rcc. trav. C'htm., 42, 229 (192:11. UioseufrUl. l)clow. 

»Z. physik. Chem., 89, 407. 529 (191.5). 

* Nemst, Ijchrhuch, H-10 Aufl., p. 442 

^Z. physik. Chem., 66, OT/ami) . 

•G N. Lewis, J. Am. Chet,i. Soc., 32, S<»2 (1910). hIiuws Unit the resuU.M of the movm« 
boundary method, corrected for rhanRcs of voluim*. give the UitUirf transport numbers, 
not the “tme” transport numbers. 
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If X is positive at the anode, then in a -f a; mols. of water after electrolysis there 
will be 1 -f no equiv. of electrolyte. Thus: 

1 + no = 1 4- n 4- (x/a), or n = no 4- (x/a), 
or, if c = 1/a = concentration, 

— dnidc = X, 

Kivinj? X from the curve n = /(c). From these curves the following conclusions 
may be drawn: 

(i) If the anion is more mobile than the kation at high dilutions, the latter 
is usually more hydrated than the former. 

(ii) In such a case the transport number increases at first with increasing 
concentration; in the opposite case it decreases. 

The degree of hydrati(m of the ion may be calculated by combining the 
above equation with Stokes’s law for the motion of a .sphere in a vi.scous 
medium. ‘ The a.ssumption is made that the hydrated ion is surrounded by 
a spherical shell of water molecules, the volume of which can be calculated 
from Stokes’s law. If the volume of the ion cun be neglected in comparison 
with that of the water (strong hydration), the volume of the latter, and thence 
the hydration, can bo found. If /|, U are the mobilities of two ions and ri, 
ri their radii (including water envelopes), then Stokes’s law gives: 

Ull% = rj/r,. 

Hut if .'t|, A-i are the numbers of molecules of water attached to the ions: 

A JA. = hence .l./.l. = lA/IA. 

In this way the following values are found, at infinite dilution: IT, 0; OH', 10; 
K-, C\\ Hr', 1', JSO/', 20; NO/, 25; Ag', CIO/, 35; JCd, -jCu, 55; Na*, 70; 
Hi, 150. 

With increasing concentration of electrolyte the hydration decrea.ses. A 
.second method,® depending on the use of concentration cells, has given no 
satisfactory results. 

The abnormally high mobilities of H* and OH' ions is perhaps due, at least 
in part, to tlieir low hydration. The suggestion has been made * that the 
hydrogen ion in aqueou.s solutions is really the oxonium ion, IHO’, having the 
same relation to o.xygen as NIH* to ammonia. Others^ attribute the al>- 
nornuil mobilities of H' and OH' to Grotthus conduction. 

Tf. Luiiko, €im., 16. ii, 17.1 (IV)1«); I.<»rcn». Z. Elektrochem., 26, 424 (1920); 

modiHwl Stokps’s law, Bora, Z. Physik, 1, 221 (1920); S. W. J. Smith, Proc. Phys. Soc. 
fA)ndon, 28, 10 (1910); BoUNftold, Z. phyaik, Chem., 53, 257 (1905); PrtK. Roy. Soc., 74, 
503 (1905). 

nieinhnld, Z. Klcktrochcm., 14. 705 (UKVS); of. Hiownfcld and Ueinhold, Z. phyaik. 
Chem., 68, 459 (1910). Cf. Ijonnrd, Weirk and Mayer, /Inn. Phyaik, 61, 665 (1920). 

» Lapworth, J. Chem. Soc., 93. 21M7 (1908). 

M)nnnppl, Z. ElcktriKhcm., 11. 249 (1905); Hantzsch and Cnldwcll, Z. phyaik. Chem., 
58. 575 (11)07): (ih(M<h, J, Chem. Soc., 113. 700 (1918); criticized by Kraus, Electrically 
Conducting Systems, p. 209. 



CONDUCTANCE, IONIZATION AND IONIC EQUILIHIUA 553 


Solvation of Ions: The theory that ioiLs (and unionized molecules) in solu- 
tion are combined with solvent is known as the Solvate Theory: hydration is a 
special case of solvation. A large amount of work has been done from this 
point of view, but the results are not very convincing.’ 

Effect of Temperature on Ionic Mobility: Kohlraii>ch assumed (hat the 
formulffi giving the effect of temj)erature on cquixalent conductance can be 
extended to the mobilities of the separate ions.- For univalent i<ms (ho>e \\itl» 
small mobilities have large temperature coetlicicnts. Acconiiug to Kohl- 
rausch ^ the following relation^ between the tempcT.ature cmdlicient n and the 
mobility I hold good in aqueous solutions: 

a = 0.0130 -f 0.07 /(1S.5 -f- /) = 0 0i;n -f 0.010 / - 0.04 T’ 

= 0.0005 -f 0.0083(1 
= 0.0348/(/a I - 0.207). 

One con.sequence of the small temperatun* coefficients of very molule ions is 
that, with rise of temperature, the mobiliti^'s of all ions should tend to become 
equal, and the transport nuinlHTs then t(‘nd to c(pi.il 0.5. 'I'he pandlellism 
between temperature coefficients of conduct.ance and \iscosity has beiui referred 
to previously. If we calculate from the eipiation: 

Ki = xisCl -f a(/ ~ IS) + {a - 0.0177). 0.0177(/ - IS)*] 

the temperature at which = 0, we find — 30*^ (’. 3'he empirical birmula for 
the fluidity of water as a function of tenqx'rature given by lleyd\v(‘iller would 
give infinite viscosity at — 3P, an inten'sting coinci<lence whicli sugg(‘st.s 
that the mobility is perliaps that of the hydrated ion, .so that fhere is then 
friction between w'atcr and water. Noyes and Falk * have discussed fully the 
effect of temperature on transport number, and conclude that if the fraiisport 
number is larger than 0.5 it invariably diminisla"! with rise of temperature, 
and if it i.s less than 0.5 it invariably iiKreases. This agrees with the above 
re.sult. 

' H. (*. J()iie.s and c<»Ilatx»rator'', )ii ls'»0. •'Uiniiiariz«'d to ltM)H by .Iodch, Am' 

Chem J., 41, 11) (IIK)!)); Jone><, H.xlratfs in .\<|in oii-. S.lntioni^, (’nnugic hx^l. /'idi , No. 00 
(1907): Ordcnian. ibid., 260, 119 (lOlS): cnti.izcd l.v .'■vrkolT, ./. Huxu. H,uh Chnn. Sih-., 
42, 1 (1910); wa; al«) Jones, etc.. Am ('hm 49. Jti.'i (IDl.l). J. Franklin Innt., 173, 217 
(1912); 176. 479, 077 (191.1), The Nature of .‘Solution. 11. C. .Foucn. L«»ndon 1917; Haur, 
Von den Hydruten in wiLH-sriRer lyosiiiifr, .'stuttn'Ot. 190:i, critical Mimrnary l»y Dhar, /. 
Elfktrochcm.. 20, 57 (1914); the transport iiiciIkkI ik criticiml by iMKariNchev and Herkniann, 
Z. Elektrochfm., 28, 40 (1922), Aschkenasi. ibul . 28, lOO (1922); Hjernmi, Z. amru. Chem., 
109, 275 (1920); Schreiner, dnd., 121, :i2l (1922). Ncwlicry. ./. ('hrm .Sor.. Ill, 470 (1917), 
coneludea from overvoltafte mcasurcnienis tliat only H , OH', Je , Ni and ( o (jierhapn 
Pt, etc.) ions are hydrated, and criticizes nietlHals of <|cterrniiiution of hydration. At the 
present time it is hardly certain that lonh are h,\drated, and the extent of hydration cannot 
yet be expreaecd numerically with any accuracy. 

* LeiU'crmoRcn, p, 12K: valuen we tin- Ixiok, j). 510. 

‘Ann. Phystk, 50, 38.5 (lS9;i): SiU lirr. Preu»H. Ak4ui„ p. .581 (1902); Proc. Roy. Hoc., 
71, 338 (1903): Z. EUktrochrm., 14, 129 (1908); Leitvermofyn, p. 128; Hilz.-hr. preust. 
Akad., p. 1033 (1931). 

*y. Am. Ckem. Hoc.. 33. 1436 (1911). 
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Migration Ratios from Electromotive Force Measurements: It is shown in 
Chapter XII that the E.M.F. of a cell of the type: 

Ag/AgNOt cone. Ci/AgNOs dil. C 2 /Ag 

is given by: 

E - (2RTnlF).ln(ci!c2), 

where n is the transport number of the anion. Also, the E.M.F. of a cell of 
the type: 

Ag/AgCl/KCl cone. Ci/KCl dil. Ca/AgCl/Ag, 

is given by: 

E= [2(1 -n).RT/F2Mcilc2), 

where 1 - n is the transport number of the kation. 

It is evident that transport numbers may be calculated from E.M.F. 
measurements.’ 

Diffusion of Electrolytes: The diffusion constant D of an electrolyte is con- 
nected with the mobilities of its ions by the equation: ^ 

D, = 0.044856 [I + 0.0034(( - 18)], 

ifc “T fa 

where h, la are the mobilities at and D is expressed in the usual units 
(om./day). 

The following tabic * shows the agreement between observed and calculated 
values of D at 18®. 

The relation — const., where M = molecular weight, has been 

found by Thovert.® 

« Helmholt*, Ann. Phyaik, 3 , 201 (1878); Ges. AbharulL, i. 840; Moser, Ann. Phyaik, 3 . 
210(1878); Kanimol, i/iid., 64 , 055 (1898); McIntosh, P/iys. C/itm., 2, 273 (1898) ; Mugdan, 
Z, Elektrocheni., 6, 309 (1899); Kendrick, ihid,, 7, 52 (1900); Gans, Ann. Phyaik, 6, 315 
(1901): Fergusaon, J. Phys. Chem., 20 , ,320 (1910); Macinnoa and Beattie, J. Am. Chem. 
Soc., 42 , 1117 (1920): Beattie, ibid., 1128; Ferpison and France. J. Am. Chem. Soc., 43 , 
2150 (1921); Grube and Metzger. Z. Elektrocheni., 29, 17 (1923). 

JNernst, Z. phyaik. Chem., 2, 013 (1888); 4 . 129 (1889); Lehrbuch, &-10 Aufl., 429; 
Arrhenius, ibid., 10, 61 (1892); Abegg and Bose, ibid., 30, 645 (1899); Euler, Ann. Phyaik, 
63 , 273 (1897): Behn, ibid., 62 . 54 (1897); Planck, ibid., 40 . 561 (1890); Larmor, .Ether 
and Matter. Cambridge, p. 291 (1900); Phil. Tram., 185. 815 (1894); Donnan, Phil. Mag., 
45 , 629 (1898): deduction, see Whetham, Theory of Solution, 1902, chap. 13. 

* Winkolmann, Physik, IV, p. 437. 

♦Measurements by Scheffer, Ber., 15 , 788 (1882); 16 , 1903 (1883); Z. phyaik. Chem.. 2, 
390 (1885): of. also Clack, Phil. Mag., 16 , 803 (1908); Vanzetti, Atti R. Accad. Lined, 18 . 
ii, 229 (1909) ; Scan)a, Nuovo dm., 20 . 212 (1910); Oholm, Medd. K. Vetenak. Nobel Inat., 
2, No. 22 (1912): ibid., Finake Kemiatamjundeta Medd., 30 , 09 (1921); Griffiths, Proc. Phya. 
Soc. London, 29, 159 (1917). 

*Compt. rend., 150 . 270 (1910); attempts to determine ionic hydration from diffusion 
measurements have been made by McPhail Smith, J. Am. Chem. Soe., 37 , 722 ( 1915 ). 
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table V 


DiFruaiON Coefficients of Electholytks (cm. /day) at 18 ® C. 



D obe. 

D calc. 


D oIm. 

D calc. 

HCl 

2.30 

2.43 

KNOi 

1.30 

1.39 


HNO» 

2.22 

2.26 

NaCl 1 

1.11 ' 

1.18 


koh 

1.85 

2.07 

NaNO, 

1 IVI 

1.13 



\aOH 

1.40 

1.55 

H.COONa 


1 Atl 



l.UJ 

NH 4 CI 

1.33 

1.44 

CHjCOONu . 

0.78 

() H8 





Ionic Equilibhium in Solutions of Elkctrolytes 

Consider the ionization of a binary electrolyte: 

AB ^A' -\-B\ 

1 — a a a 

If the volume of solution is V, and if a is tlie degree of ionization, the con- 
centrations are: = Co = (1 - Qt)/E; [*1’] = = ci =* alV. The 

law of mass action then gives: CiVco = const. =* K, i.c., 

aVil-a)V--K. ( 1 ) 

Since a = A/A*, we find also: 

AVA«(A« - A)E = cAVA«(A* A) = K. 

This equation is known as Ostwald’s Dilution Law.* Its deduction depends on 
the assumptions that the solution is dilute, and that the law of mass action 
can be applied to charged ions.* 

Experimental investigation of the conductivitie.s of dilute solutions of 
weak organic acids’ and weak organic bases ^ Hhowe<l that the law was very 
satisfactorily followed. The results for acetic acid are given in table VI, the 
data being from Rivett and 8idgwick,‘ and Kendall.* 

»Z. physik. Chem., 2, 30 (IHHK); cf W. (liMw, .Sci«*n(ific PniWfH. vol. 1; Partinjtton, 
J. Chem. Soc., 97, 1158 (1910); Tram. Farad. Hoc., 15, 98 (1919); Kcudjill, J. Am. Chem. 
Soc., 36, 1076 (1914); Larraor, iEther and Matter, Cambridge, p. 280 (1900). 

* The disturbing effects of increasing ctmccntraUon and incrciising ionisation may act 
in opposite directions. Wegseheider, Z. physik. Chem., 69. OO:} (1909), o-Hsuines that, th(5 
law holds up to concentrations of 0.03 n.; Wegseheider and Lux, MomtUh., 30, 411 (19t)«), 
find agreement with salts of a-nuphthalcnesulphonic and p-Udueuesulphonic acids up to 
0.006 n. Drucker, Tarle and Gornez, Z. Elektroehem.. 19, 8 (1913), find that KBr olwys 
Ostwald’s dilution law up to 0.01 n. Drucker. 18, 662 (1912), finds that N(CHi)4(M 
and N(CHi) 4 Br obey the law up to 0.02 n. Holnd>erg. Srensk. Km. Tidakr., p. 6 (1018), 
thinks Nal obeys the law up to 0.05 n . but he did not use conductivity methtxis. Washliurn 
and Macinnes, J. Am. Chem. Soc.. 33, 1680 (1911). consider that the law h«dds only at much 
higher dilutions, in the case of strong electrolytes. In the case of weak electrolytes it prob- 
aUy holds up to about O'.l n. Cf. Jones and White, Am. Chem. J., 42, 620 (1909); JfMies 
and Wightman, t&td., 46, 56 (1911). 

* Ostwald, Z. phyaik. Chem., 3, 170. 241 (1889). 

* Bredig, Z. phyaik. Chem., 13, 289 (1894); Goldschmidt and Salcher, ibid , 29. 89 (1899). 

*J.Chm. Soc., 97, 734 (1910). 

•J. Am. Chem. Soc., 36, 1069 (1914). 
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TABLE VI 

Ionization of Acetic Acid in Aqueous Solution at 25® 

V = Vol. in litors of solution containing 1 mol. CH3CO2H, 

A “ Equivalent conductivity, in Kohlruusch unit.s = specific conductivity /concentra- 
tion in mol. i)er cc. 
d * Density of solution (water = 1). 

= Viscosity of solution (water = 1). 
a = Ionization = = ijA/Aooijoo- 


' V 

A 

a 

K X IOC 

d 

V 

a' 

K' X lOo 

K" X 10« 

o.;i:i4 

0.0 ISO 

0.(K) 1.505 

7.7 

1 .0235 

l.:i47 

0.0021 49 

13.9 

10.5 

0.072 

1.123 

0.002800 

12.5 

1.0122 

1.100 

0.(M)3;i8.5 

17.2 

18.0 

O.OHO 

1.443 

0.(M)3030 

14.0 

1.0084 

1.112 

0.004043 

17.4 

18.4 

1.977 

2.21 1 

0.00.5701 

10.5 

1.0043 

1 .0.50 

0.000020 

18.3 

18.8 

5.374 

3.K04 

0.(H)9800 

18.1 

1.0017 

1.021 

O.OKXll 

18.8 

19.0 

10.753 

5.;mi 

0.01.382 

18.0 

l.(M)09 

1.010 

0.01300 

18.4 

18.5 

24.875 

H.3MH 

0.02103 

10.2 

l.(KM)4 

l.(K)^4 

0.02172 

19.5 

19.5 

o;i.2o 

13.03 

0.03359 

18.5 

1 .(M)02 

1.002 

0.03300 

18,0 

18.0 

00 

387.9 

1.0()0(K) 


1.0000 

1.000 

l.OOO(X) 


— 


The valuo of K is calcuhitod from equation (1) above; tlio value a' is cor- 
rected for viscosity: a' — tjA/Acct;*- Kendall {loc. cit.) assumes that the 
ionization involves interaction with water molecules, and writes the mass law 
in tlio form: 

[m«]V[.s(i/0[M’«fcr] - K" = /vM()()Odo/(1000d - m/r), 

where do, d arc the densities of pure water and solution, and m = molar weight 
of solute. The values of K (from «), K' (from aO, and K" are given in the 
table, and the constancy of the latter extends even tod ti. concentration. The 
“uiicorrected” law (K) lu)lds below 0.2 a. with all the accuracy found in the 
applications of the law of mass action to any systems, and the dilution law in 
the case of weak electrolytes is tile form of the law of mass action which is 
most closely followed by experiment.' 

In the case of strong (i.e., liglily ionized, as distinct from concentrated) 
electrolytes, however, the law fails completely. This is seen from the results 
in Table VII, from the figures of Kohlrausch and Maltby.* The value of K, 
the ma.ss action “constant,” varies from O.Olod at a dilution of 10,000 liters 
to 2.350 at a dilution of 1 liter, an increase of 1.5,000 per cent. Tlie variation 
of K makes one he.sitate to endorse the opinion of Nernst “ that “the practical 
applications of the law of mass action are hardly disturbed by these relatively 
trifling deviations.” 

'Partington, Trans. Farad. S<h\, 15, OS (1910); of. El)ert, Jahrh. Radioakt. Elektronik, 
18. 134 (1921), 

* W’lM. Abh. phys. tech. HvtchmnstaU, 3, 1.57 (lOtX)). 

* Ixihrbuch, 8-10 Aufl., p. 581. 
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TABLE VII 

Ionization of Potaksium Chi.ouiok kt C. 


Vlit. 


10,000 

5,000 

2.000 

1,000 

500 

200 

100 

50 

20 

10 

5 

2 

1 


129.91 

129.07 

128.77 

128.11 

127.:U 

I2(i.:n 

121.41 
122.4:1 
11 9.90 
11. '..7.5 

1 i 2 .o:i 

107.9() 

102.41 
98.27 


A/.\o8 = « 

1.0000 
0 99;i(i 
0.9912 
0 98(i2 
0.9.892 
0 972.1 
0 9.)77 
0 9121 
0 92.11 
0 S910 
().S(v2l 

0 s:iio 
0 7‘'8<1 
0 7.'>(m 


0 (MHN) 
0 IHHVl 
0 (K)S8 
OOl.lS 
0 019S 
0 0277 
0.012:1 
0 

0 OTiH. 
0 1(>*H) 
0 1.170 
0 1090 
0 2107 
0 2i:15 


0 0151 

0.022:1 

0 0.1.52 
0.11185 
O.IHi.^'l 
O.IOM 
0.1512 
0.2221 
0 ,1012 
0 5105 

0 8151 

1 l.il 
2,;i5o 


Between wenk electrolyt.- sueh neetio 
iis pntiissiuiii cliloriile, there ere the ml'’""',' ' 'tIk’ viiIuck uf K 

,,,,r„lv.es nre 

h> 

the writer ‘ and by Kcoidall,- m/ , ^ 

(V’/d - b f'*') ' 

e tw 11' fo.nUllM M( //«■ /rrm OO/V 

..r, with the sub^tituli.ni fnnn O-lwel'l f"""'"' 

(I I< i t1l - 

,, „ ^,v.,l„wvk. ' I anei|inilh.ii friiin 

which in the form '!>; YT,'' ' .a'nihns an fnetnr. Walker- 

wliich the above in (leri\(d 

put forward tlie equation: ^ . 



In Table VUI are given tl>e xaloe.-. 


= 100 I 0.()l^^5 d <l ‘)l 

= Kill j II0I« t » 


““’Ci,")!' 

1 


ly. Ar«. Ch,m. Soc.. 97. /»Mf . 2, :1H (19i:i): J- 

* J. Am. Chan. .Sot.. 101. ^ 

Phu^.Chan., 19. 19.3 (1915). ^ Sr. 41 (19i:i) (equation VA •» 

>A/«W. A*. IV^ra^A-. \ohl in^U. 3. Nr. - 
thispaiwr). 

^ Bril. As«. !>• 349 (19111 
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for comparison with the values of 


100 


(1 ^a)V 


and 


$2 = 100 


(1 ~a')V' 


where a, V are the uncorrected values, and a\ V' are the values corrected as 
explained in connection with Table VI: 

a' = ArilKv^; V' = lOOOV 




TABLE VIII 


luNIZATKJN OF DlOHLORACETlC ACID AT 25® C. (KeNDALL) 


Klit. 

A 

a 

V 

1 

! d 

Ot' 

Ox 

</>i 

Bi 

<l>t 

2 

114.9 

0.2980 

1.1318 

1.0263 

0.3337 

6..33 

7.68 

8.93 

8.29 

4 

151.7 

0..3936 

1.0640 

1.0139 

0.4186 

6..38 

6.70 

7.40 

7.25 

S 

190.2 

0.4933 

1.0287 

1.0067 

0.6075 

6.00 

6.08 

6.61 

6.53 

16 

231.6 

0.6007 

1.0143 

1.0033 

0.6093 

5.65 

5.64 

5.97 

5.96 

32 

273.1 

0.7083 

1.0071 

1.0016 

0.7117 

5.37 

5.34 

5.48 

5.55 

64 

309.7 

0.8032 

1.0036 

1.0008 

0,8058 

5.11 

5.14 

5.24 

5.26 

128 

338.7 

0.8786 

1.0018 

1.0004 

0.8801 

4.96 

5.02 

5.05 

6.00 

256 

359.2 

0.9315 

1.0009 

1.0002 

0.9324 

4.95 

4.94 

5.03 

4.99 

00 

385.6 

1.0000 

1.0000 

1.0000 

1.0000 

1 

4.86 

— 

4.86 


The equation of Partington may be transformed without neglect of any 
terms into: 

aV(l -a)V= KA-k(alV), (2b) 

which goes over into the Ostwald form as a limiting case when a = 0, or is 
very small (weak electrolyte), or k is very small. An obvious generalization 
of this equation is: 

aV(l - a)F = A + kiafV)^ (n = const.), (4) 

wliich was proposed by McDougall ‘ and by Kraus and Bray.* The equation: 
(c«)*/(l — a)c — K -{• k{ca)** 

has been used by Falk and Noyes * to represent the ionization of salts; it is 
identical with the above. Kraus and Bray's equation applies also to non- 
aqueous solvents. 

Another equation is proposed by Szyszkowski,* who concludes from his 
researches on partition coefficients ‘ that the disturbing effect is due to un- 

• J, Am. Chem. Soc., 34 . S55 (1912). 

35 , 1316 (1913). 

*J. Am. Chem. Soc., 34 , 454 (1912); cf. Harkins, ibid., 33 . 1836 (1911). 

*Medd. K. Vetenak. Xoitel 3 , Nr. 2 (1914); 3 , Nr. 11 (1916); Compl. nnd„ 157 , 
767 (1913). 

*/bid., 3, Nrs. 3, 4 and 5 (1914). 
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dissociated molecules rather than ions. The fact that stronR electroivtoa, 
which are highly ionized, sliow the Rreate.vf .leviati(.ns, rather suggests the 
opposite view, although the action of the nudecules appears to l>o favored by 
recent investigators, whose arguments, it is true, are mostly applied at such 
high concentrations that the laws of solution break down in fofo. Szyszkowski 
believes that ionization is not a spontaneous process, but is brouglit about by 
the absorption by the molecule of a critical increment of infra-red radiant 
energy. The same view is taken by Kruger, * who deduces from it the relation 
of Walden, that the ionizations in two different solvents are in the ratio of the 
cubes of the dielectric constants of the solvents.* This is in agreement with 
the view of Washburn and Strachan,® who speak of a “thermodynamic environ- 
ment,” modifying the thermodynamic pro[)erties ('f the solvent when ions are 
present. The partial pressure of any species in solution is then no longer 
given by Henry’s law: pa = kxa, where .r is the molar fraction, but bv /)« 
= f{c%)xu, where /(c.) is some function of the ionic concentration. When 
these authors assi/mc that /(Ci) is of the form A:(l -f /Vt”’),and thence “deduce” 
Kraus and Bray’s equation, they appear to proceed in too arbitrary a fashion. 
Kraus and Bray’s equation has no theoretical foundation.^ Szyszkowski’s 
final equation is 

aV(l - a)V = K -f kiil - a)/V7 = A' -f A-|[(l - (6) 

which emphasizes that the non-ionized molecules are the cause of the deviations, 
and the dissociation function is as.sumed to be inversely related to the mean 
free path of these. The formula is applied to. aipieou.s and non-aipmous solu- 
tions up to 0.5 n. The true di.s.M)ciation con.stant A has aiiproxirnately the 
value 0 . 01 .^ Table IX show.s that the re.vults for K('l can bo very satisfactorily 
represented by the equation from about 0.1 a., without any alteration of con- 
ductivity values. It also applies to strong acids, and Kendall considers that 
the same holds good for his .simpler cipiation. 

The point of view adopted by Szyszkow.ski raises the important question of 
the supposed stimulating effect of ions or molecules on ionization. Arrhenius " 
suggested that the law of ma.ss action may not apply to strong electrolytes: 
the “constant” A may be a function of the total ion concentration. This 
“salt action” is a maximum for a salt, ami is greater for acids the greater the 
strength. Thus, c.^Co = /(^O- hypothesis of neutral salt action has 

been extended, on the basis of experiment, by Szyszkowski {he. at.), but has 
been very adverselv criticized by McBain and Coleman,^ who reject it. The 


‘ Z. EUklrochem., 17, 453 (1911). 

pht/aik. Chem., 54, 129 (1900), LiMy, 15, 109 (1921). 

» J. Am. Chem. Soc., 35, 681 (191.3). 

‘ Cf. Bates, J. Am. Chem. Soc.. 37, 1421 (191.>). ... 

‘Kraus, Electrically Conducting p. 09. sUles that Szysskowskis equation 

does not apply generally to non-aqueouH Holvmtt*. 

• Z. pkyjc. Chm.. 31, 197 (1S09), 31, 197 (IHM9); 36, 38 (1901); 37, 490 (1901); Noyc. 

and Abbot, iTiirf , 16, 125 (189,W; van I,anr, iM , 66, 4,1.1 (1909). 

7 J. Chem. Soc., 105, 1.517 (1911), with bibhogniphy ; Francis. (>.akc and Roche, 

107, 16frl (1916): Hamwi. J. Am. Chnn. Soc., 37. 2460 (1915), finds a real effect; McBain 
and K«n, J. Chem. Soc., 115, 1332 (1919). 
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TABLE IX 

Ionization of KCl at 18® C. Recalculatkd bt Szyszkowski’s Equation; 
A Mao from Koiilbaubch and Maltby 





129.91. 

Ul-aY>] 



(1 -a)V 


Mv K / J 

put. 

A 

a = AMoo 

lOOaVd - a) V 

1000 

Difference 
per cent 

1.0 

98.27 

1 0.756.5 

2.35.0 

178.1 

- 56.9 

2 

102.41 

I 0.788.3 

143.4 

127.2 

- 16.2 

5 

107.96 

0.8310 

81.5 

78.4 

- 3.1 

10 

112.03 

0.8624 

54.1 

54.2 

+ 0.1 

20 

115.75 

0.8910 

36,4 

37.2 

+ 0.8 

50 

119.96 

0.9234 

22.2 

22.3 

+ 0.1 

100 

122.43 

0.9424 

15.4 

15.8 

+ 0.4 

200 

124.41 

0.9.577 

10.8 

10.5 

- 0.3 

500 

126.31 

0.9723 

6.81 

6.51 

- 0.30 

1,000 

127.:i4 

0.9802 

4.85 

4.69 

- 0.16 

2,000 1 

128.11 

0.9862 

3..52 

3.48 

- 0.04 

5, 0(H) 

128.77 

0.9912 

2.23 

2.52 

+ 0.29 

10.000 

129.07 

0.9936 

1..54 

2.10 

+ 0.56 


(‘vidonce for or asainHt an action of ions in increasing tlic electrolytic dissocia- 
tion of a salt is very conflicting, and nothing certain can be asserted in this 
connexion.* 

Knipirical dilution laws wore proposed by Riidolphi:* 


aV(l ~ a)P/*= A'. 

and van’t IIofT: '* 

- a)F'/2 = K, 


or ci/co = K 

or Ci^/co* = K. 


Kohlrauscli * pointed out that van’t Hoff’s cipiation amounted to the state- 
ment: Ci/ro = cojistant X fnenn distance hefiveen unionized jnoleculcs. Vaubel ^ 
attempted to detluce van’t Hoff’s equation on the assumption of ionic hydra- 

‘ Ponm and Tanzi, Z, phffsd'. Chem., 79, 55 (1012); Walden, Bull. Acad. Pilersb., 1055 
(11)12); Saehanov, Z. phifstk. Chem., 87, 441 (11)14); Saehanov and Contacharov, J. Rung. 
Phyg. Chem, Soc., 47 . 1244 (11)15): Ponm and Palroni, Z. phyaik. Chem., 87 , IDti (1914); 
Palmarr and Molandor, Z. ElcUnKhrm., 21, 418 (1915); Kolthoff, Chem. Wcekblad, 13, 
1150 (11)10): Saehanov, J. Rms. Phyg. Chem. Site., 48 , 361 (1916); Linde, Z. Elektrochem., 
29, 16.3 (1023); Doimier, Bull. Sac. Clam., 33, 49 (1923); the balance of evidence sp)eak8 for 
an influence of iuna. 

^ Z. phyaik. Chem., 17, 385 (189.5). 

* Z. phyaik. Chem., 18, 300 (1895); Hughes, Phil. Mag., 42 , 1.34 (1921), deduces Rudolphi’s 
and van’t Hoff's equations; Jablcsynski and Wisniewski, Rocjniki Chemji, 1, 116 (1921), 
deduce “ K. 

*Z. phyaik. Chem., 18, 662 (1895). 

* Z. arigeu’. Chem., 15, .395 (1902L 



CONDUCTANCE, IONIZATION AND IONIC EQUILIBRIA 561 


tion and polymerization of water to (H,0)*. Rousfield * assumes association 
of water, salt, and ions. 

Storch * and Bancroft,* observing that Ostwald’s and van’t Hoff’s equations 
are two limiting cases, proposed to cover all cases by the formula: “ K, 

where n is a second constant. This applie.s very well to aqueous solutions even 
at high concentrations. 

The important question as to whether the dihjtion law should contain a 
“true dissociation constant," i.e., whether it shouhl go over into the Ostwald 
formula at infinite dilution, is now rai.<ed. The fonnulio of van't Hoff and 
Storch do not fulfil this condition. Storch's equation may l)o written us: 

aV(i -«)r = 

it contains no true icmization constant: this is present in Kraus and Bray's 
equation, which is merely the above with the addition of K. In an irniHirtant 
paper by Arrhenius/ in which a correction for the conductivity of the water 
was applied to Kohlrausch and Maltby’s results, the conclusion was reached 
that at very high dilutions the electrolyte obeys Ostwald’s <ii!ution law, with a 
value of K, the true dissociation constant, of about 0.024. This occurs with 
KCl and NaNOj at dilutions of about 2. lOMo l.lOMiters. The calculation 
of Arrhenius has been adversely criticized by Washburn,* but the results of 
Washburn and Weilaiul,® with ultra-pure water, np|)enr to conform to Ar- 
rhenius’s result. The experimental values, from smoothed curves, are as 
follows. 

The smallest concentration used was 7.104.') X lO'* mol. /lit., and the next 
concentration used wa.s 2.'! S21 X 10 * mol. /lit., .so that the results at lower 
concentrations are mere extrapolations. 

The results have been criticized by Kraus,' who rem.-irks that: “In order to 
establish the law of ma.s.<j action as a consequence of experimental observations 
it must be shown that, over a measurable concentration interval, points on 
the curve [showing K a.s a function of rj iiece.s.sarily lie on a horizontal straight 
line. As this has not been done, if is evident that Wa.shburn’s conclusion 
remains in doubt." It appears to the writer that this criticism is a little unfair. 
The region of concentration in which the law of mass action may be expected 
to apply at all is necessarily a very narrow one, in which experiment is extra- 

‘Z. phynk. Chem., 53, 260 I’ror. Hoy. .W . 74, SfW (100.5); Phil. Tram., 20fl, 

101 (1906): Tram. Farad. Sac., 15, 47 (1910). 

*Z. physik. Chem., 19, 1.3 (lH9<i). 

*Z. phy$ik. Chem., 31, 188 (1800), rf Kf>hlr)»u»<’b, xbid., 18, 662 (180.5); Heibl. iinn. 
Phyiik, 25, 64 (1901); Hughes, Phd. Mag., 42, 428 (1021). also deduced Partington’s oiiuation 
on the assumption of activity of ions; Georgevirs, Z. phyeik. ( hem., 90, 340 (191.5). 

<“Die Berechnung des elektrisrhon Leitungs-vcrmiiKcns in sehr verdunnien wUssrigen 
L6«ungen,” Medd. K. Vetemk. Sottel Inst., 2, Nr. 42 (1913); Faraday Lecture, J. Chem 
Soc., 105, 1414 (1914). 

» J. Am. Chem. Soc., 40. 106 (1918). 

*J. Am. Chem. Soc., 40. 146 (1918). 

^ Electrically Conducting Systems, p. 99. 

19 
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TABLE X 

Conductance of KCl 


Tcmiicraturo 18®. Mol. Wt. KCl = 74.560. Cell constant based on « = 0.01288 ohm-' 
for specific conductance at 25® of a solution of 7.43000 gm. KCl in 1000 gm. solution, weights 
in air. Conductance to 0.02 per cent. 


c X 10* 

K X 10« 

A 

a = A/Ao 

K = a»c/(l - a) 

000 

0.0 

120.64 

1.0 

0.020 ± 0.001 

0,02 

2,5002s 

1 20.51 1 

O.OOOoi 

O.O 2 O 0 , 

0.04 

5.175.3, 

120.38, 

O.008oi 

O.O 2 O 0 , 

*0.06 

7.7.554, 

120.2.5, 

O.907o6 

0.020„ 

0.08 

10.330, 

120.13, 

0.996,, 

0.020m) 

O.IO 

12.002, 

120.02, 

0.9952, 

0,0210j 

*0.30 

38.535, 

128.45i 

0 9908, 

0.0321, 

0.40 

51.207, 

128.24, 

0.9802, 

0.0363, 

0.60 

76.721, 

127.80, 

0.9863, 

0.0427, 

0.80 

102.04i 

127.55i 

0.9838, 

0.0480, 

1.00 

127.25, 

127.2.5, 

0.9810, 

0.0524, 


ordinarily difficult. The fact that even two experimental values were obtained 
in this region, or at any rate very near it in the case of the number 0.0321, is a 
great advance on anything which had been attempted before, and Washburn 
and Weiland’s work still remains unique. The method of extrapolation used 
by Washburn has already been dLscussed (p. 530). 

Bousfield ‘ finds that van’t Hoff’s equation gives good results with KCl at 
dilutions from 200 to 2000 liters, and considers it justifiable to “extrapolate 
with great accuracy past the point where water impurities introduce errors, 
into the limiting region of infinite dilution.’’ This leads to a limiting form of 
the equation when c is very small and a is nearly 1 : 

- A = 

At very high dilutions the active mass of the undissociated portion is then 
proportional to the square root of the ma.'^s of the water. It appears, however, 
that the Ostwald formula is probably the right one at very high dilutions. 

Many suggestions have been made to explain the deviations from the law 
of mass action shown by strong electrolytes.* 

1. Expermental Errors: The suggestion that experimental errors, which 
become very large when 1 — a is very small, cause more than a small part of 
the observed deviations* can hardly be entertained. Similar deviations are 
shown in alcoholic solutions,^ in which the ionization is perceptibly less than 
in water, and in which the error in 1 — a is much less. 

‘ J. Chan. Soc., 103 , 307 (1013). 

*Cf. Partington, J, Chnn. Soc., 97, 1158 (1010); Trans. Farad. Soc., 15, 08 (1019); 
Sachanov, Z. Elektrochem., 20, 529 (1014). 

*0»twald, Oruiulrias der ullgomein. Chem,. 1800, 406; Rnthnuind and Dmckcr, Z. 
phyaik. Chem., 46 , 827 (UK)3); ihid., 49 . 563 (1004); Druckcr, Die .\nonialio dcr stfirken 
Eloktrolyte, Ahrens' Sammliom, 12 (1005). 

<V6lltoer, Ann. Phyaik, 52 . 328 (1804). 
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2. Cakulalxon of the Ionization: The formula a = A/A* can apply only 
when the ionic mobilities are inde|)en<lent of concentration.* In concentrated 
solutions this is certainly not the case, but the exi)erimeutal values of the 
^transport numbers given in a former section seem to support the assumption 

that, in fairly dilute solutions at least, the ratio of the mobilities may be re- 
garded as constant. There is great diversity of opinion, however, on this 
matter. 

3. Complex Formation: Tlie pos-Mbility of the formation of ionic hydrates 
df>e8 not, in dilute solution, make any change in the form of the dilution law.* 
(’omplex ion formation would oause modification, but there is no evidence of 
the presenw; of such ions in solutions of salts such as K(’l.* In such cases Jis 
C'uS 04 the formation of complex ion.s i.s by no means improbable. 

4. The Theory of Partial Dimiciation in Incorrect: Siithi'rhmd * suggestt'd 
that the ionization of all ordinary electrolytes in s(»lutions of all Cf)ncenira- 
tions i.s complete, The difTerenc<‘s of nndecular cttnduetivity at dilTerent 
dilutions are assinned to be due to the varyiiig viscosit y of the sobition, and to 
two now types <if viscosity of electrical origin. No (|uanlit.'itive theory was 
reached. 

J. (Ihosh ^ revived (his theory, but instead of relying on new, jmrely 
hypothetical, vi.'-cosities, he a.ssumcs that .all the ions ari» not in the same 
condition. A certain fraction exist in a state of p('rfeet fnaaloin, moving about 
like gas molecules, whilst another part inclmh'*- ions which are fixed at definiti* 
j)oint.s, in the .same manner as tin* ions of a crystal arranged in a space 
lattice. Although the salt exi-'ts in solution wholly as ions, separated from 
one another by distances which increase with tlie <lilu(ion, and bound by 
electrostatic forces, only a fraction of these ions an> free to move with (raiis- 
latory motion, these free ions being (hose which ha\e kinetic energies greater 

' F. Kohlrausch, .ta/i /*/t//viA, 50, .NS 1 1 sl».0 , ]l .J.ihn. / /tA/zoA . T/um , 27, a.Vl ( iSilH) , 
33. 0-45 (1900): 35, s. 37, OT.I M90I). 58. 011 (l'*07). .N'm.sch ;iiirl Kato, ('anouo PiM. 
Wmhinglon Puh., No 63, 820 (1907;, DrinKiT atiU Kisjij/ui, /. phyrnh. ('hem, 62, 781 
(190H); Sackur, /. KUkinnlu m., 7. 7M (1901;, (loiMlmti aiul Ma.skcll, Z. jthymk. (’firm., 52, 
li.80 (190.5); I.k)(’ 1» and NcniM, ifmJ., 2, 9,50 (isss). Hem, »/»,//, 27, 41 (ls9N), No>«*h, Trrfi- 
twlogical Qmrtrrly, 17, 29,5 (IIMM), Arrlinmi-, Z ('him., 37, 815 (1901), AIm'KU, 

Thooric dor olektrol> fii-cbe Dissociation. Afinns' Snmmluny, p. 282 (19I).J), See laler under 
Ijorenr’s theory. 

* Morgan and Kannit, Z. phyi-ik. ('him. 48, 805 (1904), WegxcJieider, ihul., 69, 008, 
r»09 (1909); Neriist, Theorctische ( hemie. s 10 Anil, p. Oil, Mie, Ann. Phymk, 33, 8HI 
(1910); Muller and Homann, Cnmpl. rnul., 156, 1.VS9 (1918), 157, 4<K) (opposiUi view); 
Dhar, Z. Ekktrochan , 20, .57 (1914). 

*Cf. Braley and Hall, ./. -4»i ('him. .Sor . 42. 1770 (1920), .Sdineuler anil Hraley, ibid., 
45, 1121 (1928), who conclude that complex ions are fonned in NaCl -f KC8; Remy.V, 
Chem. Soc. Ahnt., 810 (1915), Mines, Kolloul Z., 14, 108 (1914), I/irenz, dnd., 822; Lungo, 
Xuow Con., 16. ii, 178 (1918), Als'gg and Laliendzinski, Z. Khklwchcm., 10, 77 (1904); 
Blitz, Z. physik. Chan., 40, 18.5 (1902), Bnini, rellini and Pegontro, Z. FAektrochem., 13, 
021 (1907). 

*Phil Mog., 3. 101 (1902); 9. 7si (1905), 12. 1 (ItKH)); 14, 1 (1907); 16, 497 (1908); 
cf. Barmwator, Z. physik. Chan , 28. 115 (189*4). 

‘ J. Chan. Soc., 113, 449. 027. 707, 790 (1918). 
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than the limiting values equal to the potential energies of electrostatic attrac- 
tion. The number of free ions is calculated by a formula based on Maxwell's 
formula for the distribution of energy among gas molecules. 

For a binary electrolyte having its ions arranged in a cubical (rock-salt) 
lattice Ghosh finds the equation: 

I N^IS^hNj 

2Rt' dW ' 

where A^o = Avogjidro's constant = 6.06 X 10“; E = electronic charge = 4.7 
X lO"*® K.H. units; R = gas constant = 8.315 X 10^ e.g.s. units; T = absolute 
temperature; D = dielectric constant of .solvent; V = dilution in cc. 

This re(iuirea that all electrolytes of this type should have the same ioniza- 
tion at the same dilution, which is not the case.* Again, for a ternary elec- 
trolyte with ions arranged in a fluorspar lattice, Ghosh finds the formula: 

* . 3A'oP.2^2y« _ 

"m. 3Rr I). Vs. W 

In applying thc.se formulai Ghosh assumes that some electrolytes are binary 
in some solvents, but ternary in others. For example, NKt 4 l is assumed 
binary in acetaldehyde, but ternary in formamide, whereas in the latter solvent, 
which has great ionizing power, we should not expect association of the solute. 
The choice of the state of the electrolyte is purely arbitrary.® For some 
electrolytes in non-aqueous solvents the formula does not apply at all satLs- 
factorily.* 

Ghosh’s theory would reciuire equal ionizations of an electrolyte in two 
difTcrent solvents when: 

o. = D, 

a relation found empirically by Walden.'' This is, however, only a very rough 
approximation.® 

Ghosh’s theory, although received in some quarters with warm approval,® 
has been severely criticized, and may now be regarded as untenable in its 
original form. The disagreement with experiment, pointed out above, has 
been again emphasized by Kraus * and others.® The theoretical foundations 

‘ PartiiiRtnn, Trans. Farad. Soc., 15, U8 (1919). This is also implied in Milner's formula; 
SCO below. t 

* Partington, hie. cU.; of. Moldrum and Turner, J. Chem. Soc., 93 , 876 (1908); 97 , 1605 
( 1010 ). 

' Partington, loc. cit. 

*Z. physik. Chan., 54, 129 (1906); KudleovA, Chem. Listy,'l5, 109 (1921). 

» Partington, loc. cit. 

"Sand, Trans. Farad. Soc., 15, 171 (1919); Xernst, Lchrhueh, 8-10 .\ufl., p. 613 ff. 

^ J. Chan. Soc., 43 , 2514 (1921). 

• .-Vrrhenius, Z. iihysik. Chem., 100, 9 (1922); Kallmann, ibid., 98 , 433 (1921); Prins, 
Chem. Weckblad, 20, 237 (1923). 
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have been attacked by Chapman and George,’ Sand,* and Kendall.* The 
latter also pointed out that “the remarkable coincidence of calculated and 
observed values in many tables is due to far too frequent errors of calculation 
and transcription.” 

Ghosh ’ believes that his equations could be made to fit acids and bases in 
aqueous solution.*? by assuming (irotthus conduction as well as ionic transimrt. 

The theory that electrolytes are completely ionized, ami that differences 
in conductivity are due to changes in mobility, is adopted by Macinnes.* 

S. R. Milner,® who admits that Siitherlamr.s calculations an* “based on 
several speculative hypotheses which are not always coinincing,” has at- 
tempted to extend this point of view, and his caloulalioiii', although very 
difficult, are the mo.st thorough and intere.'>ting in tliis fiehl. He Ix'lieves that 
the degree of ionization cannot b<' calculated from either osmotic or conductivity 
data. Insuperable difficulties are said to stand in the way of correlating 
change.s of conductivity with changes of ionization, and the former are b? U* 
correlated with the action of interionic eleclrosjatic forta*- on niol)ility, after 
the manner of Sutherland. lon.s of strong <'l(‘Ctn»lytes are not as.sociated into 
molecules, but pairs of oppositely charged ions which are (nnponmly in close 
proximity will behave in some cases as if tlu'y were actually bound log(‘tlH*r 
The influence of electrostatic forces affects ejjually the osmotic and conductivity 
data. The assumption of the ideal gas law in the dediiction of Ostwald s 
equation amounts to the hypothesis that the mtorionic forces fall ttff extremely 
rapidly with the distance, i.e., “clH'mical’ forces .are postulatt*d, as contrasted 
with electrical forces obeying the inverse s<iuan* law. In l>ringing in inter- 
ionic forces this a.ssumption, Milner believ<’s, must be discarded. Ihc inverse 
square law' may not ap|)ly to ions, but on tin* assumption that it does, he 
investigates, by a most involved calculation, the effect <»ii the osmotic pressure, 
and believes that the resulting effect is of the order ob.served, and that there 
are, therefore, no “chemicar' forces at all All the ions are free in the sense 
that there are none combined by chemical force.s into molecules, but there are, 
of course, “temporary associations ' of the kind just describ'd. The effect of 
the water molecules is assumed not to be representable a.s that of a continuous 
medium of definite dielectric constant, but “I'uch ion is surrounded by a 
number of polarized water molecules which tend to form chains linking to- 
gether pairs of temporarily nearest (»ppositely charged ions. . . . The general 
effect would be to increase the attraction between an ion and tin* nearest mie 
to it of unlike sign at the expcn.se of the attraction of more distant ones, which 


*P/W. Jl/off.. 41.799 (1921). 

*Phil. Mag.. 45, 129, 281 (1923). 

»J.Am,C/i^.5oc.,44,717 (1922). . 

< J. Chan. Soc., 113, 790 (1918); cf. Auerbarh and Zenlin, Z. phgink. Chem., 103, 178 
(1922): Mund, BuU. Soc. chim. lielge, 32, l-W (1923), 

•y Am Chem. Soc., 43. 1217 (1921); 41, 1080 (1919). a. Hchenonberg, Ann. Phyak, 
47, 81 (1915); KjeUiii. Archit. Kern. Min. (Jeol., 4. No. 7 (1911); Harkins, Prf>c. Nal. Acad. 
Set 6 601 (1920); Phillipaon. Pwi/ Acad. Boy. Beige, 8, 76 (lif22). 

• Pha. Mag^, 23, 551 (1912); 25. 742 (1913); 35, 214, 333 (1918); Traru. Farad. Soc., 

15, 148 (1919). 
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latter might be negligible in consequence.” An ion may be at the same time 
both free and combined. A distinction between weak and strong electrolytes 
can only be made by assuming that, in the former, chemical forces are present, 
and since only general agreement is obtained with strong electrolytes, “it is 
doubtful whether a pure electrical theory can account for all the details of 
individual strong electrolytes.” Milner’s theory is, therefore, of no immediate 
practical service. His view of particles which are at once free and combined 
also raises questions. Are we to suppose, for example, that the molecules of 
krypton are “combined” because they exert forces on one another, as they 
undoubtedly do, since krypton is not an ideal gas? 

Rjerrum ‘ also assumes strong electrolytes completely ionized, but, on 
account of electrostatic forces between ions, they exhibit decreasing osmotic 
pressure, conductivity, and reactivity with increase in concentration. These 
effects are expressed by means of three coefficients, and an approximate formula 
for the activity coefficient is derived. 

Lorenz * points out that the assumption of complete ionization requires 
a new definition of transport number, viz., 

n = xuolixuo 4- yvo), 

where x and y are separate mobility coefficients for kation and anion. Kohl- 
rausch’s formula A = aF(u + v) is then replaced by A = F(j*Wo + yvo), where 
Ua and Vq are limiting values approached at infinite dilution. The rate of 
change of mobility with concentration is difTerent for different ions. 

Lorenz's Theory; Lorenz ’ calculates from the Stokes-ICinstein formula for the 
motion of a particle in a viscous medium the radii of ions, and compares them 
with the radii of atoms calculated from Reinganum’s formula.'* The two are in 
general agreement, except in the case of lithium, the ion of which is found more 
than double the size of tlie atom. The conclusion is reached that hydration 
is absent except in the case of lithium. Other values for the atomic radii ® 
showed that the values of the ionic radii found from the Stokes-Einstein 
formula were in agreement in the case of univalent organic anions and kations, 
and bivalent kations. Bivalent anions have mobilities less than the calculated. 
The diameter of the hydrogen ion is 0.25, that of the hydroxide ion 0.33, and 
that of the cjesium ion 0.56 of that calculated. The diameters of ions which, 
on the grounds of migration experiments, arc assumetl to have medium hydra- 
tion are found tlic same as those of the gas molecules. Those ions which are 
strongly hydrated have larger ions. The calculation was extended to complex 
salts,* polyvalent khis,’ and inorganic anions.® In the latter case (simple 

‘2. EleHrochem., 24. 321 (1918); Maid. K. Vtknsk. iWobd Inst., 5. No. 10 (1919). 

*2. anoro. Chm., Ill, 55 (1920). 

*2. phydk. Chem., 73, 252 (1910); cf. Dhar, 2. EleklrocKem.\ 19, 748 (1913). 

*Cf. Lindemann, Trans. Farad. Soc., 15, 166 (1919), 

»2. onorv- Chem., 94, 26,5 (1916). 

*Loreni and Posen, 2. anorg. Chem., 95, 340 (1916); 96, 81 (1916). 

Ubid., 96, 217 (1916). 

* Ibid., 96, 231 (1916); cf. Lorens and Scheuermann, ibid., 117, 140 (1921) (beoiene 
nucleus) . 
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Mils) the relation no longer holds, the divergencies being in both direoUoiia. 
the formula used by I/.reiu in calculating the radius of an ion from its mobility. 
It (in ohm-i). is: /. = (I r).S.9o-l X 10 ' at IS” in water. With newer vidues 
of fundamental coiistnntss the coiustant is 0.371 X 10 \ 

Hertz 8 Theory: * Hertz deduced tlieoretically the equation ^lo - /i => /(c‘'*), 
and by a suitable adjustment of coordinates the relation k'twcen m and c may 
be represented by a single curve for all electrolytes. The eipiation has betni 
tested by Ivorenz,* who finds that the con.stants are not indo|M'ndent of the 
electrolyte but liavo sjiecific values for each ion. 

Horn s Iheory: A method of calculating the radii of ions has l)cen priiposed 
by Iiorn,=« and applied by Tsmuiz ^ to calculate the degree of hydration of ions. 
Horn assumes that the .Stoke.s-Kinstein e(|uation f(»r the motion of sphere, s in 
a \i.scous medium applies even to small i<ms, any discrepancie.s Ix'ing due to 
electrical interaction between ions and solvent molecules (cf. yiiiherland’H 
theory, above). I he electrical viscosity increa''es as the ion Ix'comes smaller, 
whilst the fluid viscosity decrea.''es. The resistance pas.M‘s through a minimum, 
and in this way the diminishing values tif ionic conductivity with decreasing 
volume of tlie simpler ion.s is explained. Horn’s calculations made the radii 
of alkali metal and halogen ions rather less than 10 " cm.‘ Horn’s Iheory has 
l>cen criticized by Kraus, « who shows that in non-aqueous solvents the order (►f 
ionic conductances is not the .same .as that |)redicted by Horn’s theory. The 
ionic mobilities are supposed primarily determined by the diameter of the shell 
of solvent molecules surroumling thcmi, a.s was postulated long before by 
Houstiehl. 

Modifications of the Law of Mass Action: The .suggestion of Arrhenius, 
that ionization is afTected by the pn^senci* of ions, whicli has already been 
di.scu.ssed (p. 5.5!)), led to modification of the law of ma.ss action. Some ob- 
servers have rejected any such modifications; e.g., Xoye.s ' concluded that the 
degree of ionization is not even apjiroximately given by the law of mass action, 
and he used the empirical eijuation of Harmwafer: " 

1 — a ~ /.(cof)'^’. 

PhyRik, 37, 1(1912). 

*Z. anorg. Chem., 113, \.io (1920), Ix»n ii* :in<l NVu. ihui . 116, l.'i (1921); liorcii* mid 
Michael, ibul., 116, IGl (1921), Ixm-iiz mill (Mwiild, ihul , 114, 209 (1920). 

*Z Phyxik. 1 , 221 ( 1920 ), Z. Klrklrorhirn . 26 , 101 ( 1920 ), 

* Z. Elektrochcm., 26. 424 (1920); Lj'HJird. Wrirk ami Mayer, 3 h/i. Phyaik, 61, 005 (1920). 

* Luiigo, \uow ('im , 16, ii, 173 (19IS), also iipplieu St<jke.i'» (wiuation ami (hxiuocn 
Walden’s relation .\ot = count., independent of teinjMjratunj. The diametors of ions are 
smaller than those of inolccule.s, IT and (Jll'-ions are only hdf the molecular size, and these 
have less friction in water than other ions. 

* Electrically Conduelinfi; Systems, p. 20.3. Cf. Dummer, Z. anorg. Chem,, 109, 31 (1919). 

^ Technol. Quarterly, 17, 298 (1904). 

*Z, physik. Chem., 28 , ll.'i (1899); 45 , .*>.57 (1903), 56 , 2'2.'i (1900); Walden, ibid., 94 , 
374 (1920). Noyes has since used the equation (ca)"/c(l — a) =• K, with n varying from 
1.4 to 1.6 for aqueous solutions of different salts over wide ranges of tem|X‘rature: ./. Am 
Chem. Soc., 30 , 335 (1908); Hunt, xbUl., 33 , 795 (1911). 
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The ionization is supposed to be given by a = A/Ao, since the E.M.F/s of con- 
centration cells, calculated on the assumption that a changed with c according 
to the above equation, agreed to within 1 per cent in the case of KCl and NaCl 
between concentrations of N/600 and N/20. The empirical equation gave 
equally good results with salts dissociating into 2, 3 or 4 ions, the concentration 
of unionized salt in all cases being proportional to the 3/2 power of the ion 
concentration. 

The most comprehensive treatment of ionic equilibrium from the point of 
view of modification of the law of mass action is that put forward by Jahn * 
and a similar theory by Nernst.* Jahn allows, in the derivation of the mass 
law from thermodynamics, that there is mutual action between ions and 
molecules and solvent. Nernst also assumed action between neutral salt 
molecules. Jahn’s equation is: 

const. = K, 

N - Ui 

in which N - no. of mols. of salt dissolved in n mols. of solvent; ni = kation 
mol. fraction; e = base of natural logarithms; a, b, K = constants. The 
constants a and b are functions of temperature, pressure and composition of 
solute and solvent. 

Nernst’s equation is: 

Co 

in which Ci, Cq are concentrations of ions and salt, Wi, mo are coefficients of 
influence between ions and between neutral molecules, mox is the coefficient 
of influence between ions and molecules, and nin the coefficient of influence 
between the two kinds of ions. The coefficients are determined by trial.® 

The equations derived from the point of view of “activity coefficients” 
are described in Chapter XII. 

Conductivity and Chemical Constitution : A number of regularities haye 
been pointed out in the relations between conductivity and chemical constitu- 
tion. These include ^ comparisons between ionic mobilities and between 
ionization constants, A, of the Ostwald dilution law. 

Bredig ® found that the mobility of elementary ions is a periodic function 
of their atomic weights, and rises with atomic weight in each family of elements. 

'Z, phyaik. Chem., 33, 646 (1900); 35, 1; 36, 453 (1901); 37, 490; 41, 257 (1902); 38, 
126 (1901). 

> Z, phytnk. Chem,, 38, 487 (1901); of. Planck, Thermodynamics, tr. Ogg, 225, 234 (1903); 
P. Henderson, Z. phyaik, Chem., 59, 118 (1907). 

*G6liol, Z. phyaik. Chem,, 42, 69 (1902); Hoffmann and Ungbeck, ibid., 51, 386 (1005); 
Henderst)!!. ibid., 59, 124 (1907); Siysikowski, ibid., 58, 420 (1907); 63. 421 (1908); Roth- 
mund, ibid., 69. 523 (1909). 

*Cf. Lehfeldt, Electrochemistry, London, 1908, p, 93 f. (by T. 8. Moore); Ostwald, 
Lehrbuch, II, 1, 674 f. 

‘Z. phyaik. Chem., 13, 191 (1894); cf. Loreni and Posen, Z. anorg. Chem., 96, 217 (1916). 
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Analogous atoms, with atomic weights exceeding 35, have approximately 
equal mobilities. Thus, the mobilities at infinite dilution of ^Ca'*, 

jSr** and jBa", at 25®, are 62, 66, 67 and 68, resi)cctively; those for Li', 
Na*, K*, Rb* and Cs* are, respectively: 42.6, 52.6, 75.5, 78.6 and 78.8. Iso- 
meric and metameric anions have the same mobility: the equivalent mobilities 
of ortho-, meta- and para-toluic, and phenylacetic acids are 32.0, 32.1, 31.7 
and 31.9, respectively, phenylacetic acid being metanuTic with (he <tther three 
isomeric acids. This rule doe.s not hold for kations. 

The greater the nund)er of atoms in an ion the smaller the mobility (Hredig, 
loc. cil.), provided anions are compared with anion.s, and kations with kations. 
The rule holds les.s rigidly among kations. The mobility of an ion is reduced 
by substitution of II by halogen, Nil;, X(),, and sometimes ('Hj. 

Inorganic acids differ from organic acids ‘ in that they are strong elec- 
trolytes in aqueous solution (except II;S, H('N) and do not olasy 

Ostwald’s dilution law. Little is known ns to their cons(i(u(itn>, but it appears 
that addition of oxygen or sulphur a-'sist.s the formation (»f ion.s (lIjSd)# is as 
strongly ionized as H('l). 

Organic acids have been well .studied.* The ionization constant K of fatty 
acids decreases as the series is a.^cended, but the .substitution of succiwsivo 
CHj groups does not cau.^^e a constant decrea.se. Substitution of 11 by (3, Hr, 
and I causes a large incrca.se of K, the magnitude decreasing in the order 
given. The substitution of a .second atom of Cl h.as less elTect than the first, 
and a third less than the second. The effect of replacing ('I by (^N i.s still 
further to increase A', and tiiis is suppo.scd to indicate that the CN group in 
HCN (a very weak acid) is differently constituted from that in cyanacetic 
acid. Substitution by halogen in the « position produces a gre.ater effect on 
ionization than in the po.sition. Similar results have been found in the sub- 
stitution of H by OH in all aculs, fatty and aromatic, except in the case of 
p-8ubstitution in the benzene nucleus. 

Unsaturated acid.s ionize more readily than the corresj)onding saturated 
acids; different isomers (e.g., crotonic and isocrotonic acids) have different 


iogizations. 

The aromatic acids show much greater regularity timn aliphatic. In the 
case of substitution in the nucleus, the groups Clli, OH, NO;, (3 increiwe K, 
the effect being greater in the ortho- than in the meta- and para-positions; 
NHj decreases K, the greatest effect being in the ortho- and the haist in the 
meta-position. In the case of two .substituents in the same acid, the actual 
ionization is less than the value calculate.! on the assumption that each beliaves 
independently, although in the case of a-dibroinopropionio acid the discrepancy 
is not large. The same holds in general for aromatic acids. 


‘ Effect® of suUtitution in organic acida, aummarj’ by Wegseheider, MonaUh., 23, 287 

(1902): Nernst, Lehrbuch, 8-10 Aufl., p. 583. „ 

‘Oatwald, J. prakt. Chem., 31, 4.33 (1885); Z. phynik. Chrm., 3, 170 (1889); Walker, 
ibid 4 319 (1889): Bethmann. ibid., 5 , 386 (1890); Bader, Qnd., 6, 289 (1890); Walden, 
iWd!’ %, 433 (1891): Bredig, ibid.. 13, 289 (1894); Jones, Uoyd and Wieael, J, Am. Chem. 
Soc., 38 , 121 (1916) (alcohol Bolutiona). 
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The transition of acids from the benzene to the pyridine series is accom- 
panied by decrease in the ionization constant. 

In the case of dibasic acids * the first ionization constant, calculated from 
conductivity, is equal to the sum of two ionization constants, one for each 
carboxyl group, which are equal if the acid is symmetrical. Of two dibasic 
acids which are analogous, the one with a larger second ionization constant 
appears to have a smaller first ionization constant (Ostwald). 

Conductivity measurements have played an important part in the elucida- 
tion of the constitution of pseudo-acids.* 

Organic bases do not exhibit such regularities as acids; * secondary bases 
are usually stronger than primary or tertiary. 

In the case of neutral salts, organic and inorganic, it may be asserted that 
they are in general highly ionized, even if they are of weak acids or bases, and 
approximately to the same extent at equal dilutions. Some salts, e.g., HgClj, 
HgCys, are only slightly ionized. By the application of the Ostwald-Bredig 
dilution rule (p. 527) it has been found that KH 2 PO 4 and KH2ASO4 ionize as 
monobasic acids.^ 

Isohydric Solutions: Two solutions containing salts with a common ion 
are said to bo isohydric when tlie concentration of that ion is the same in both 
solutions. The conductivity of a mixture of such solutions is the mean of the 
conductivities of the separate solutions.^ Consider the first salt AB. The 
mass law gives 

A', = (T-),(/P)/P,( 4 B), 

where {A '), (/P). (dc., are the actual numbers of rnols. contained in a volume V 
of solution. Similarly for the second salt AC: 

K,= {A'h{(niV,{AC). 

In general (.1 ’)i is not ecpial to (/I ')i, since the ionizations are unecpial. 

When the solutions are mixed the concentration of the common ion in the 
mixture is .seen to be ((A')i -f (-'i')2)/(Ti + T2) and this will be in equi- 
librium with the ionization of the .salt .1/1 when the equation: 

Ai = (//')[cr)t + (/r)2i/(ri + wkab) = {B').iA'),/vAAB) 
is satisfied, and with the ionization of the salt AC when the equation: 

A2 - (C')[(A-). -f {A’mV^ + VAiAC) = {C').iA-hlVMC) 

‘ Cf. Mddnmi, J. Plys. Chrm., 15, 474 (19U). 

* HantMch, Ber., 32, 575 (1899); HanUach and Kalb, ibid., 32, 3109 (1899). 

‘Summary: Hrodig, Z. phystk. Chrm., 13, 289 (1894). 

* ('ompU'x and double salts: sro Jones and Markay, Am. Chem. J., 19, 83 (1897); Archi- 
Iwvld, Trnm. Nom Scotia Inst. Sci., 9, 307 (1891); Moraan, Z. phy.'tik. Ckem., 17, 513 (1895); 
Steele, Phil. Tram., 198, 105 (liM)2); Werner and Miolati, Z. physik. Chem., 12, 35 (1893); 
14, 500 (1894). Exeept at hiKh dilutions, complex ions api^ear to exi.st in solutions of double 
salts, 

‘Arrhenius. Ann. Physik, 30, 51 (18vS7); Z. physik. Chem., 2, 284 (1888); 5. 1 (1890). 
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is satisfied. By division: 

(.r),/K, = iA'WVt. 

On mixing such solutions in any proportions no displacement of the dissociation 
occurs, and hence the conductivity of (he mixture is the mean of that of the 
solutions, provided the concentrations of the common ion were equal in the 
separate solutions.* This holds even for solutions of strong elect roly te^?, which 
do not obey the law of mass action.* 

The conductivity of mixtures of acids varies consi<ierably with dilution.* 
Arrhenius * found that the ionization of a weak acid in presence of one of its 
salts is inversely j)ropf)r(ional to the amount of salt present. 

The case of solutions containing two binary electrolytes with no common 
ion is ditficult to work out. Arrhenius {loc. cit.) showed that when a weak 
acid and several .strong electrolytes exist in the .same solution, the respective 
degrees of dissociation may be calculate*! as though (he dissoeiatctl part of 
the particular electrolyte were a (linsoeiate*! p.ait of a salt of the weak acid. 

Sherrill * finds, in particular eases, that if tho concentrations of the separate 
ions in mixtures of salts \sit!> n<» comnum i<tn are calculated by the equation 

ri]x[/f].MA= 


where = total ion concentration, the results are accurate to 0..> per c»'nt at 
0.2 n., ami 0.25 per cent at 0.1 n. The ion conccntrati*)ns were determined 
by conductivity. 

Mack.ay ® tested the a^^umption of VrrlaMinis (hat in a s*»lution containing 
two salts with a comimm ion, each salt has a <legree of ionization equal to 
that which it would have when present .alone in a solution in which its ions 
have a concentration iMpiiv.alent to that of tfi<‘ common ion in the mixed solu- 
tions. In a .solution containing ammonium .sulphate ami chloride in 0 2009 ?i. 
concentration, the partial conductnity of the chloride wa.s 2 per emit larger 
than the calculated, and that of the sulphaK' 5.2 per cent larger. The partial 
conductivities were fouml fnun the transp..rt number ami conductivity. Bray 
and Hunt ® fouml in mixtures of hydn.gen and .sodium chlorides that the ob- 
served conductivities in .solution.s 0.001 to 0 2 n. were always 1.0 per cent less 
than those calculate.! in 0.1 a. solution.s ..f each substance, the dilTerence 
diminishing a.s the concentration fell. It was suggested tliat the comluctanoe 
of an ion may depend on its actual c.mcentration rather than on the total ion 
concentration. The mca.sured and calculated value.s agreed on this assumption 
and on the a.s.smnption that the ionizations ..f liCl and KCI arc equal.* 

> Cf. Arrheiniu.*., Z. phu<<rk. Chenx . 31, 218 (ISW); Hray and Hunt, J. Am. Chem. 


33. 781 (1911). 

» Wakeniaun, Z. phymk. f%m., 15. IV.t (1894). 

*Z. physik. Chan., S. 1 (18W). Cf. Dororhnv.ski and Fridman. ./. Huhx. 
Soc., 47, 1015 (1915): Chern. Ab»., 10, 2822 (1910). 

*J. Am. Chem. Hoc., 32, 741 (1910). 


Phyn. 


Chm. 


»y. Am. Chan. Soc., 33, 308 (1911). 

Hu,,, phy. 

Ab$., 6, 2878 (1912); Drucker, Gifford. Gome*. GuiiURn and Kaannaky, Z. EUkirochem., 19, 
797 (1913); Thomas and Baldwin, J. Am. Chem. Soc., 41, 1981 (1919). 
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Bjerrum ‘ finds that the mass law holds in dilute solutions of salts in presence 
of a large excess of a second salt. 

Doroschevski and Dvorshantschik * investigated the conductivities of 
mixtures of aqueous solutions of sodium and potassium salts, and salts of 
alkaline earth metals. The isohydric principle was confirmed, when the 
formula of Barmwater ® for the ionization was used. The results with sul- 
phates and carbonates agreed with the formula k = A — where v — dilu- 
tion, and A and a are constants. The separate salts of the alkaline earth 
metals obey the formula k = A - alv^i\ whilst KI solution agrees with the 
formula k A - afv^>^. 

Kraus * finds that the isohydric principle when applied to mixtures of salts 
leads to 

CtVCu = fiZCi), 

where Y,C{ is the sum of the ion concentrations, including all ions.® As the 
concentration of the second electrolyte increases, the function, 

PJCu - iPi, 

where Pi is. the ionic product, reduces in the limit to the same form as the 
function resulting from the isohydric principle. The values for conductivity 
for mixtures of NaCl and HCl agree better with the experimental values than 
those calculated from the isohydric principle, and the equation P,/(7„ = f(^Ci) 
is less accurate than P,/(7u = ZP.-* 

Steam ’ finds the conductivities of mixtures of salts (halides of K and Na; 
concentrations 0.1 - 4.0 n.; 25® C.) less than tho.se calculated, and that they 
increase with total salt concentration, and with increa.se of the ratio Na/K in 
the mixture. They decreased with increase in the ratio Cl/I. Complex 
formation is suggested. 

Hydrolysis: In virtue of its slight ionization, pure water is capable of 
acting either as a weak acid or as a weak base: 

+ OH'. 

On the assumption that the mass law holds we have: 

AtH,0]=[H*][0H']=K„, 

since the active mass of the water is constant. is called the ionization^ or 
dmociation, constant of water. In pure water [H '] = [OH'] = c, and thus 

‘ Medd. K. Vei. NoUl Inst,, 5. No. 25 (1919); Bronsted, K. Donskc VVf. Matk.fys. Medd,. 
3, 1 (1920); K. Vet. Nobel Inst,, 5, No, 25 (1919); BrOnsted and Pedersen, Z. physik, Cfum., 
103, 307 (1922). 

• J. Ru» 9. Phyn. Chetn. Soc., 45, 1174 (1913); Chem. Abs.. 8, 288 (1914); 46, 371 419 
(1914): Chem. Aba., 8, 2515 (1914). 

‘See above; Z. physik. Chem., 28. 115, 424 (1899). 

*J. Am. Chem. 43, 2507 (1921). 

• Arrhenius. Z. phyaik. Chem., 31 , 218 (1899). 

• Kraua, Electrically Conducting Systems, p. 222. 

' J . Am. Chem. 8oe., 31, 218 (1922). 
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r\ p iJr® of ha* been found in several ways.* 

K = n na v <*» («•<■ Chapter XU),« This gave 

=’[0H'> X ^ 

/ill T'"® of pure water. Kohlrausch and Hevdwciller (see 

p.^521) found * = 0.0384 X 10-« at IS“, from which K. = 0.81 X lO-*. For, 
K - n(u -f v), where n = no. of ion.-^, i.c., 0.0384 X 10 * = n(31S + 174) or 
n* = [H*] X [OH'] = K,r = 0.61 X 10-««. 

(iii) Hydrolysis of esters by H* and OH' ions. Wijs » by the hydrolysis 
of methyl acetate with pure water, using the results on the relative rates of 
hydrolysis with H’ and OH' ions, found A'«. == 1.44 X 10 at 25®. 

(iv) Hydrolysis of salts; the theory is given below. By this method 
Arrhenius * calculated A'., = 1.21 X 10 at 25®. 


(v) Alutarotation of dextrose in aqueous, acid, or alkaline solutions.^ 

(vi) Hydrogen potential of acid or alkaline .solutions.* 

The value of A'«. increase.s very rapidly with rise of teiuperatun*.’ The 
heat of ionization is expre.ssed by the formula: 


Q = 27857.5 - 48.5r, 

and A:^, is 0.116 X 10"'* at 0® (’., 0.281 X 10 “ at 10® ('., 58.2 X 10 “ at 100® 
C., and 525 X 10 at 200® C, Noyes, Kato and Sosman * found that the 
ionization of pure water increased very rapidly with temperature between 

0 C. and 100 ( ., loss rai)idly betNsoen 100® ('. and 218® (’., passed through a 
maximum between 250® (.'. and 275® ('., and then d(‘creased. 

(Consider tJio ionizatifui of a weak acid, to which the law of mm<s action 
may be applied: 

Ka = [H-][A']/[HA]. 

The value of [H*] will usually exceed the value f(»r pure water, i.o., about 

1 X 10“^ but in the dilute solution the relation Ku, = [H’][()H'] must 
always be satisfied, from which it follows that [OH'j must be very much less 
than 10"^ The electro-neutrality principle gives: [H ’] = [OH'] 4- [A']. 
Hence: 

[H']= AV[H-] d- A«[IIA]/[1I']; 

[H7= A. + A„[HA]. 

‘ Nenwt, Lohrlnicli, N-10 .Aiifl., i>. 5WI, BntuH and Oakcii, J. Am. Chrm. Hoc., 42, 2110 
(1920). 

*0(}twald, Z. j^yaik. Chem., 11, ,'>21 (IWl.'l); Arrheniun, ibid., SO.'S; Ncrnat, ibid., 14 , 
156 (1894); Lorens and Bohi, ibid., 66, 7:i:i (1900); I>cwifl, HriKhton and Hchaatian, /. Am. 
Chem. Soc., 39. 2245 (1917), find K,^ =“ 1.012.10-«« hI 25‘» by calndation. 

>Z. phyaxk. Chem., 12, 514 (ISO.'l). 

*Z. phyaik. Chem., 11, 805 (189:i), cf. Hray. J. Am. Chem. Soc., 32, 932 (1910); Seyler 
and Uoyd, J. Chem. Soc., 111. 1.38 (1917). 

• Hudson, J. Am. Chem. Soc., 31, li:i6 (1909); not an accurate method. 

• Fraiy and Niets, J. Am. Chem. Soc., 37, 22ft3 (1916); ■* 1.76 X 10“‘* at 26*. 

’ Heydweiller, Ann. Phyaik, 28. .50:i (1909). 

• J. Am. Chem. Soc., 32, 169 (1910). 
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This equation is exact; usually Kw is negligible in comparison with Ka, so 
that we have approximately: 

Ka - CH*]VCHA]. ' 

A similar expression can be deduced for bases: Kb = [OH']V[BOH]. 

When we have to deal with solutions of salts of weak acids and bases, then 
hydrolysis occurs, i.e,, the salt is decomposed by water with production of free 
acid and base: 

AB + H 2 O ^ HA + BOH ^ H- + A' + B- + OH'. 

The result is easily detected qualitatively, since salts are nearly always highly 
ionized, and the anion or kation of the salt will combine with H ' or OH' ions 
from the water to form nearly unionized acid or base, leaving an excess of 
OH' or H * ions, respectively, in the solution, which give it an alkaline or acid 
reaction. 

Three cases must be considered: 

(i) Salt of a strong acid and a weak base (e.g., aniline hydrochloride): 

AB -f H 2 O ^ HA + BOH A' + BOH, 

the acid HA being largely, and the base BOH hardly at all, ionized. 

[B0H][HAj/[AB][H20] = constant, 
or, since [HaO] is practically constant: 

[BOH][HA]/[AB] = base X acid/salt = Kh, 

where K^ is the hydrolysis constant. A'* is defined in a way independent of 
the ionic theory. The decomposition of salts by water was studied by H. 
Rose in 1851. » 

If the concentration of AB is 1 mol. in v liters, then, when equilibrium i.s 
attained, we have, if x is the degree of hydrolysis: 

[HA] = xjv, [BOH] = x/v, and [AB] = (1 - x)/v, 

K. = [H •][OH'] ; hence [OH'] = A„/[H '] = K^v/x, 

the acid HA being completely ionized, and giving a H' concentration of 
xjv = acid concentration; the base is assumed non-ionized. (The pre.sence 
of the ion B‘ of tliQ salt will drive back the ionization of the weak base.) If 
Kb « [B •][0H']/CB0H], then : 

\ X V J x X*' 

80 that: 

K^/Kb = xV(l “ x)v. 


^ Ann. Phyaik, 82 , 545 ( 1851 ). 
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The hydrolysis calculated from the equation All + II-O = IIA + IIOII gives 
the constant: * ‘ * 


K, = [HA][liOI|]/[AB] = / Lri = 

r V I V 

Hence 


Also, 


A'„/A'b = A'*. 



In many cases Kh is iiiueli larger than A',.. that (In* ratio is very 

small. The expression tlien reduces (o: 

= yIvKu 'Ki - Const. X Vr, 

so that the liydrolysis of a salt of a weak ha.M* with a stronj^ acid is jiroportional 
to the square root of the dilution, and is (*a''ily calculated from the values of 
Ku, and A'f,.* 

(ii) Salt of a strong base with a inak and K' ^ , K(’X). By a calculation 
exactly similar to the above we find; 



or, approximately: x = V< A'» 'Aa == con.sf. X Vc. 

(hi) Salt of a weal: acid and a umk base (<* jr., aniline acetate). Tin* ri'uction 
is AB -f- HoO HA -f- BOH, the aci<l ami baM* beinn practically unionized. 
With the same notation a.*' before we find (the salt beinn nearly completely 
ionized): 

[All] = (1 - x);v, [A'] = (1 - x)iv = [If]. 

Also [HA] = XjV = [IIOII]. The fnlli.wmg Ihree rcIutif.uH hold good: 

A'„= [H-][Oir], 

A-,. = [H-][A'].[HA] = [l|-]l--~^^--, 

= [B ][oir][i«>ii] = [oir]'-^ j ^ 
from wliich follows; 

K,Ki = A-.[(I - i)/x]>. 

Thus: 

(1 _ = AV'*. = const. 

• Cf. Noyes and .Mcleher, Carnegie I nut. Pult., No. (W, p. 94; hydrolysis of salts of weak 
bases and strong acids iucrea.'S^ with rise of temperature. 
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Hence x, the degree of hydrolysis, is independent of dilution. We have also:^ 
[H*] == KaXKl - x) - = COUSt. 

The methods used in determining degree of hydrolysis are as follows: 

(i) Measurement of the catalytic effect of the H' or OH' ion, e.g., in the hydrolysia of an 
eater or the rate of inversion of cane sugar.* The rate of hydrolysis of the ester is determined 
in presence of a strong acid (or base), and the velocity constant, k, compared with that 
found when hydrolysis of the eater occurs in presence of the salt. 

(ii) Distribution measurements: The solution containing the salt is shaken with an im> 
miscible solvent in which the free acid or free base is soluble. From the known distribution 
ratio, the concentration in the solution is easily calculated. 

(iii) Freezing point lowering.* 

(iv) Conductivity: Let k be the observed specific conductivity of a solution of BA of 
concentration c. The apparent equivalent conductance is <c/c = (1 — x){kIc), + x{kIc)ha, 
where k, is the conductivity the salt would have possessed had no hydrolysis occurred and 
kha the conductivity of the acid, assumed strong. The base is assumed very weak, so that 
it does not enter the conductivity equation. Rewriting the above we get: 

I = (A - - A,). 

KfjA if the equivalent conductance of the free acid at practically infinite dilution; A, is found 
by Bredig's method,^ which consists in arranging the constituents of the solution so that 
A « A», i.e., X *=• 0. This is attained by adding excess of the free (practically unionised) 
base until A is constant.^ 

(v) From values of ond Kt,. 

(vi) Determination of H ' concentration by concentration cell measurements. 

Hydrolysis may very appreciably affect the results of conductivity measure- 
ments with very dilute solutions, especially when the values of the ionization 
constants of the acid and base differ.® 

When the hydrolysis of salts is followed by conductivity, the change some- 
times occurs slowly. This has been attributed to scarcity of ions;^ to hy- 
drolysis in stages;* to hydrate isomerism (e.g., green and violet chromic 

> Tiiard, J. Chem. Soc., 97, 2490 (1910); hydrolysis of salts occupying intermediate 
positions, sec Rohdcii, J. Chim. Phys., 13, 201 (1916); Griffiths, Trans. Farad. Soc., 17, 625 
(1922), has consideri'd the situation in extremely dilute solutions, when the weak acid and 
base are appreciably ionized. 

*Ley, Z. physik. Chem., 30, 193 (1899); Bredig and Fraenkcl, Z. Elektrochem., 11, 526 
(1906); Kellogg, J. Aw. Chem, Soc.. 31, 403, 886 (1909); Henderson and Kellogg, ibid., 35, 
390 (1913) (neutral salt action). 

*G0bel, Z. physik. Chem., 89, 49 (1914). 

♦See p. 627; Z. physik. Chem., 13, 191 (1894); Ikawa, Mem. CoU. Sci. Eng. Kyoto, i, 
320 (1908). 

•Cf. Gibl>s, Williams and Galajikinn, Philippine J. Sci., 8, 1 (1913); Noyes, Kato and 
Sosman, J. Am. Chtm. Soc., 32, 159 (1910); Huff and Nome, Am. J. Sci., 45, 103 (1918). 

*B6ttger, Z, physik, Chem,, 46, 602, 604 (1903); H&gglund, Arjfcir. Kem. Min. Oeol., 
4, No. 11, p. 1 (1911); Euler and Ugglas, Z. physik. Chem., 68, 498 (1909); H&ggiund. J. 
Chim. Phys., 10, 207 (1912). 

* Kovalevski, Z. anorg. Chem., 23, 1 (1900). 

* Antony and Giglio, Oazetta, 25, 1 (1895); Goodwin, Z. jd^ysik. Chem., 21, 1 (1896); 
Malfitano, Ann. Chim. Phys., 25, 169 (1912); (^artaroli, OoMetta, 45. 139 (1915). 
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chlorides); and to colloid formation,* since in the case of substances showing 
this slow hydrolysis the weak acid or weak btuse often tends to form colloidal 
solutions. 

Amphoteric Electrolytes : Some sukstances on ionization give two ions 
simultaneously, one positive and the other negative, leaving a residual molecule 
with two equal and opposite charges. This residue is considered as an ion, 
although its net charge is zero:* 

XMY ^ A'+ 4- -A/+ 4- Y-, 

Such an ion is called an amphoteric (“Zwitter”) ton. Kxample.s are shown 
by glycine, o-aminobenzoic acid, and perhaps methyl orange: 

NH,CH,COOH 4- H^O 5=^ H().N1I,.01M’()OH 

^i)\V 4- NHaCHtCOO 4 H‘. 


Very little is known of such types of ecjuilibrium, although tliey are perhaps 
more common than is usually supposed.* . ■ , 

Beveridge * considers that the degree of hydrolysis of amphoteric elec- 
trolytes as determined by conductivity methods differs from that found by 
catab^ic measurements. Methods which depend on IP concentration all 
agree among themselves, but indirect methods deiiemlmg on conductivity, 
freezing point, etc., give different values. • . r 

Adams ‘ has considered amphoteric electrolytes from the pmnt of view 
of the relative strengths of the acidic ami basic functions If we consider the 
dibasic acid HAH and treat the two IP ions imiependently, we have: 


A^=[H-IAIP]/[HAH]; 

A, = [H-lA"]/[nA']; 


A4=[1P][HA']/[HAH]; 

A'4=-[li-lA"]/CAH']. 


If we represent the first and second ionization constants of the acid by K' and 
K", respectively, we have: 

K' = A. 4- A4; K" - 4- A4). 

34 95 thrtl*ut^ by Tmii. ('om/rf rrn/f. 172, 1179 (1U21): 

-Vagner. Mo^tsh M 95 (19 ) ^ aluminntes »eo HudUsc!., Z. nnorg. 

Chem., 75, 371(191 I, PoiHrk, 7 ran*. Farad. Hoc.. 

irSi z. i*. <«« om, t.,„ u. 

Al(OH)i + OH' = Al(OH)><)' t H,() - AI(OH).OH + OH’; 

u« eond^vu, ^ 

.lowly (decrewmg f 12; ^iKga,; Winkelblech. Z. phy^ik. Chem.. 36. 640 (1901); 

LehTbuch, 8-10 AuB., p. 4A0, he refer, u. oarlx,n mODOiide « 0 - 0. 

4Proc Rov.Soc. Edinb.. 29, (M« (1909). 
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Three cases arise: (a) the acid is symmetrical and the H atoms ionize inde- 
pendently: K 4 -- K and K' = 2K; K" = iK; (b) the acid 

is unsymmetrical but the H atoms ionize independently: = Ki; Ka = Ki 

and K'* = K\Kil{K\ + K%) \ (c) the acid is unsymmetrical and the H atoms do 
not ionize independently. Then K'jK” > 4. For a tribasic acid, K'jK" > 3. 
For phenol phthalein and crystal violet, K'jK” is nearly equal to 4. In the 
case of glycine Ka (the acidic constant) is 1.8 X 10“^® and Kb (the basic con- 
stant) is 2.8 X 10-*^ so that K' = 3.7 X 10~^ and K" = 1.8 X lO-^o. It is 
nearly as strong a base as methylamine and is a stronger acid than mono- 
chloracetic. 

Michaelis ^ finds, if x is the proportion of unionized molecules of an ampho- 
teric electrolyte, that: 

a: = 1/(1 + A'./[H*] + Aft/COH']), 

where Ka and Kb are the acidic and basic dissociation constants, respectively. 
Substances for which KaKb > 10"^^ are not capable of existing; at this point 
complete dissociation occurs. 

Substances such as lead and aluminium hydroxides are sometimes called 
amphoteric electrolytes, since they behave as acids towards strong bases and 
as bases towards strong acids. The dissociation of such substances is really 
hydrolytic in character, and has already been considered. 

Solubility Product: The effect of one substance in influencing the solubility 
of another is fairly general. The solubility of non-electrolytes in the presence 
of electrolytes is generally depressed according to the equations: 

S — So{ 1 + Ac) or more exactly S = 

where c is the concentration of electrolyte, and A, B are constants.* 

The effect is a specific property of the electrolyte, although the order of 
electrolytes as regards their effect on solubility is nearly the same for different 
solutes. The effect, sometimes known as “salting out,” is not confined to elec- 
trolytes: the effect of sugar in redueing the solubility of hydrogen in water is 
greater than that of salts (Filler, loc. cil.)A In some cases addition of salt 
causes a marked increase in the solubility of a non-electrolyte, e.g., salts of 
aromatic acids in the case of ether and water (Thorin, loc. cit.). The solubility 
of salts is in general depressed, but not always, by addition of non-electrolytes, 
the solubility chan^^e being nearly, but not quite, a linear relation (Rothmund, 
loc. cit.). 

The solubilities of electrolytes in presence of each other, especially when a 
common ion is present, is of more importance than the above cases. 

^Biochem. Z., 33, 182 (1911). 

* Rothmund, Z. EUktrocham., 7, 075 (1901); Z. physik. Chem., 69, 523 (1909); Nernst. 
ibid., 38, 494 (1901); Findlay, J. Chem. Soc., 97. 536 (1910); 101, 1459 (1912). Geffcken, 
Z. phyaik. Chem., 49, 257 (1909); Euler, ibid., 49, 303 (1904); Thorin, ibid., 89. 085 (1915). 

»Cf. Armatrong, Proc. Roy. Soc., 81, 80 (1908). 
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Consider the equilibrium: 

AgCl (solid) ^ AgCl (said. sol.). 

If by ftny means tlie amount of di.ssolve<l salt is decreased, more solid will 
pass into solution to maintain saturation. The dissolved .salt is ionised: 

AgCl (solid) Agt'l (dissolved) 5=^ Ag’ + CV. 

If the law of mass action applies; 

[Ag‘ICr]/rAg('l] = K or [Ag-I('r] - A[Ag(d]. 

The term A'[AgC'l] is constant, .since tlie .solution is .saturated at a given 
temperature. Hence: [Ag‘][(’r] = con.st. .S, where .S' is called the sulu- 
biUlij product of silver chloride. It may lx* as.sumed that this relation holds 
good when the concentrations [Ag‘] and f(Tj are not »Mpial, and that soliil 
AgCl is in equilibrium with a .solution containing its ions whmi the iontc product 
[Ag to the .solubility product. If the .salt is completely ioni/.eil, 

which is very nearly the ca.se with AgCl on account the great dilution, then, 
if X is the solubility, *S = since each ion concentration is ecpial to x. 

If the ionic product e.xceeds A, .solid .salt will precipitate out of solution 
until the ionic product becomes equal to S. 'I'liis is illustrated by the precipita- 
tion of NaCl from a saturated solution by llCl gas. The (T ion concentration 
is increased, .so that the pnxluct [Na' _][('!'] now cxci'eds its \alue in tlie 
saturated solution of NaCl. The precipitation restores the value .S' of [Na'3 
X [Cr], but this is now the product «»f a largi* Cl' c«mcentralion with a small 
Na' concentration, the exce.ss of (T ion being paired with the IT ions in the 
solution. 

The quantitative aspect of the .‘Solubility product relation was first described 
by Nernst.' Consider a completely ionized binary electrolyte AH dissociated 
into the ions A ' and H'. Then [.1 ’J[ /Cj — const. " w here Lo is the 
solubility. Suppo.se now x niols. of a .^econd completely ionized electrolyte 
W'ith a common ion is added. The solubility of the first salt i.s reduced to L 
where L{L -f j) = AoA This equation hohls only for complete ionization of 
both salts, a condition rarely met with in practice. 

Let ao be the ionization of the first salt in .saturated M.lutifui, before any 
of the second salt is added. Let be the ionization of the hec«>nd a<lded salt 
in the solution, and ai the ioniz.ation of the first salt when tlie second is addetl. 
The concentrations of the ions of the first salt are Lai and Lai + ^oct, where x 
mols. of the second salt are added. The ionic product is La, (Lai -f xa,). 
Assuming this to be equal to the ionic product of the first substance alone in 
saturated solution, we have: 

Lai{Lai -f- xat) = Lo^ag*. 


> Z. phytik. Ckern,, 4 , 372 (1889). 
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By solving this equation foi* L we find: 


^ -f- 4. . 

2 o£i ^4ai^ ai^ 


If ai * q!2 = a, this reduces to: 


L = 



cA 


These equations enable us to calculate the solubility of one salt in presence 
of a second salt with a common ion. 


In Mtmattog the lonuationa the rule of Arrheniu* ■ » frequently used: in a mixture of 
t™ salts with a common ion, each salt has a degree of ionisation equal to that which it ha, 
h n P'OMnt nlone m a rolution in which its ions have a concentration equal to the concen- 
mtion of the common 1011 in the mixture. This is not quite accurate: other rules have 
l^n dftcuHBed in preceding sections. 

19 nnd 20**^*"”**”^^ represented by the curves in Figs. 18, 



ion i mt ^t substances without a common 

I although HBr and HI. which have no 

i^rTk flit ® depression of solubUity.*^ NaNO,, without a common 

ion, at first causes a slight increase in solubility, then a decrease. 

weuito^go^’lti^lO).^^^^^*^’ accordance with the theory as far as qualitative 


‘ Z. pkyvik, CAem.. 2, 284 (1888); 31, 218 (1899). 

• Kr^ Electrically Conducting Systems, “pp. 271-272. 
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The curves in Fig. 20 relate to the'mlubilitics of mo^ioratoly strong organic acids in 
presence of HCl at 25®.* There is at first a rapid fall in solubility, as mdiratwi by theory, 
then a nearly constant, slightly decreasing solulnlity, is reached on further addition of H<’l. 

All these results show that the simple theory of solubility prtMiuct does not adetjualely 
represent the facts. The experiments of Nernst {loc. nl.) and of No.\ts ‘ showed lietter 
agreement. Noyes worked with silver bro- 
mate and nitrate, as well as with thallium 
salts, TlNOi with KNOi, TIC NS with 
KCNS and TINO*. The silver salts gave 
satisfactory results, but the thallium salts 
did not conform to the theory. Noyes 
concluded that either the law of solubility 
product is incorrect, or <‘lso that conductiv- 
ity measurements do not give a correct mea- 
sure of the ionisation. He then reversed 
the procedure and u.seti solubility moasuro- 
ments to determine the degree of ioniza- 
tion.* In this way with TlNOj, a strong 
electrolyte, he obtained values which agriHsl 
with Ostwald’s dilution law. Kendall > has 
pointed out that this method may give 
erroneous results. Other experiments of 
Noyes* with ten-alent chlorides also ga-ve 
results in agreement with Ostwald’s form- 
ula. The discrepancies were cleared up 
when Noyes found • that T\C\ does not ion- 
ise to the same extent as alkali clilorid<'s. ns 
had •previously been assumed. When this 
correction was made, the d<‘gree> of mniz- 
ation found by solubility ami 

More recently the law of constancy of ^ ^ „f NaCl up to a 

Cameron found that the solubility of ‘ , ' j u,ii ,„„j .Sinmiotis found 

certain ixiint. but on further addition the ..olub . i,^ 

the same result with silver suljdia o aiu lu | , ,|„^ products of gypsum and silver 

could only be explained on =md he proved that the same 



found the solubility of TlCl (in water) m. re:vs,.d on .id.lition 

in presence of KCl. BaCb aiKi lltb^ (.ali.-ylic, o-nitrols-n«de). in 

hcm.. - 

> Z. physik. Chem., 6, 241 (ISOO). 

*Z. physik. Chem., 6, 259 {1S90). 

c:;!V« a-). ”• 


O-Nitrobenzoic Acid 
in HO 

Sfllicyllc Acid in tfCi 


"oi o a 0^ 0.4 ^ ^ 
Conen. of added acid 

■Inbilities of Acids in Hydrochloric 
Acid Solutions 

MTC in agroiunenf. 


T r r'XtftM St)c. 
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constant solubility product were found. These were positive or negative according as the 
acids were chemically similar or dissimilar. The solubility of an acid in a solution of another 
acid is made up of two parts, one of which increases or decreases regularly according as the 
acid is more or less soluble in the aqueous second acid than in pure water, whilst the second 
part of the solubility decreases fairly rapidly according to the ionic strength of the solvent 
acid. All observed divergencies from constant solubility product can be satisfactorily 
explained by the first of these causes. Noyes’ proposed method of determining ionization 
on the basis of the solubility method cannot therefore lead to accurate results. 

Experiments of Hill ‘ with AgBrOi, TlCl and PbCli in presence of varying amounts of 
acetic acid indicated that the solubility product decreases with increase in concentration of 
the more soluble electrolyte. Hill interprets his results as follows. Suppose the solution is 
saturated with AB and the added electrolyte is CD. The mixed solution contains the salts 
AB, CD, AD, and CB and the ions A' , B', C , Z>'.* The solubility of AB = L is then 
[A'] \AD\ - [B'\ [CD], from which by multiplication we find L = '^AB + M, 
where M has some ixjsitive value. It follows that if L iKJComcs less than ^AB the solubility 
product is smaller than it would be in a saturated solution of AB in pure water. Hiir.s 
results show that this is the case, except in one instance, the solutility of MeiNI in aqueous 
ammonia. 

In the case of uni-bivalent salts such as PbClt, Ca(OH)j, AgiSOi, etc., Noyes and Bray * 
have shbwn that the solubility product principle breaks down completely. The product 
increases greatly in such cases, since the addition of the bivalent ion causes no great decrease 
in concentration of the univalent ion of the salt with which the solution is saturated. The 
conception of solubility product is “an approximate empirical principle” without theoretical 
foundation, according to Stieglitz; * it must l)e rememl)crcd, however, that the deduction 
rests upon the very improbable assumption that the solubility of a substance is not influenced 
by the presence of other substances unless these contain a common ion. All experimental 
evidence speaks against this. The failure can hardly be laid wholly at the door of the theory 
of electrolytic dissociation, or even of the law of mass action as applied to electrolytes. 

Bray * has attempted to find a fresh theoretical basis for the law of solubility. The 
solubilities of ternary and higher types of salts have been investigated by Harkins,® but the 
results are not easily intorproted. Working with solutions of KCl, Ba(BrOs)i and PbCb, 
ho found: 

(i) Addition of a salt (»f common univalent ion causes rapid decrease in solubility (in 
accordance with the solubility-product principle). 

(ii) Addition of a salt containing a common bivalent ion causes: 

(a) Slight decrease and then increase in the solubility of the salt if the latter is mod- 

erately soluble; 

(b) Slight but continuous decrease in the solubility of loss soluble salts (this was only 

confirmed to a concentration 0.2 n. of the added salt); 

(c) Continuous increase in solubility in the case of extremely soluble salts. 

(iii) Addition of a salt with no common ion causes increase in solubility. 

The intenuetation of experimental results is somewhat uncertain because the ionization 
functions of each of the mixed electrolytes are unknown. In the cases of higher electrolytes 
especially, intermediate ions may exert an unknown effect and Harkins has shown that the 
solubility curves of these electrolytes may 1)C (jualitatively explained if the presence of such 
ions is assumed. Kendall and Andrews ^ measured the solubilities of acids of varying strength 

» J. Am. Chem. Soc., 39, 218 (1917). 

* Complex ions might also lie present. 

*y. Am, Chem, Hoc., 33, 1643 (1911); Noyes, Boggs, Farrell and Stewart, p. 1650. 

* J, Am, Chetn. Soc., 30, 946 (1908); cf. Findlay, Z. i}hysik. Chnn., 34. 409 (1900). 

*/. Am. Chem. See., 33, 1673 (1911). 

•/. .4m. Chem. Soc., 33, 1807 (1911); Harkins and Pearce, ibid.. 38, 2679, 2709, 2714 
(1916). 

» J. Am. Chem. Soc., 43, 1545 (1921). 
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alone and in the presence of weak and strong acids up to high conoontrations. The solubility 
of all acids is initially decreased by the addition of strong acids but, with few oicoptions. 
passes through a minimum, whilst at high concentrations of added acid the solubility is 
markedly increased. The initial depression is assumed due to repression of ionisation; 
it is greater the stronger the acid added, and is missing wh»-n the acid addivl is very weak. 
The minimum solubility is much lower than corresponds with the concent rat ion of uiiioniswl 
molecules in pure water, perhaps on account of withdrawal of water to hydrate the mldeii acid. 
The rise in solubility on further addition of strong acid is put down to complex formation. 


CoMPLKX Ions’ 

Many methods are available for the detoclioii and estimation of roinplex 
ions in solutions: purely chemical, migration data, jiartition coelTicients, 
solubility measurements and application of Xernst’s solubility product otpia- 
tion; electrode potentials, and cryoscopic measurements. Those metlims 
which fall within the limits of this .'section ha\e already been briefly considered. 

Xon-Aqukous Solutions 

Conductivities of Pure Liquids: Tlie conductivities of pure li.piid’s (in- 
cluding water) are very small, and are Nery largidv influenced by t he preM-nee 
of small traces of impurities, .m» that their determination is a matter of con- 
siderable difficulty.’ . , , . . 

I„ some cases, c.r., «i(h sulphur .liuxi.lc, a.unuuua, Cher ^ 

carbuua tlic results resciuhle «i(h cas.'s, s„ that t h.,s hon 

assumed that these substances have lu. measurable e.ualuelauce m Uic perb jt ly 

"at The existence .,f a limiliuK lue.ivity wh.eh ,s mdepeude t 

the b ^nsHv does m,t pruve that the h.pud is perf..elly purm ( arval , 
L ed showed that Ihpiids culaiuiuK huowu traces of uupur.t.es si uw mI 
It effcct Pn.vious elec'lrieal Irea.meu. usually iuHneuees .he con uclnuty, 

methyl alcohol bch.R an exeeption ’' I;;' euaduelivity 

to a conductivity limit, wlueh may he arealer or h ss lluu 

, . ,.f lalT,'. • made w,lh xerv pur,' liquids, wed that, in 

ZS"™ “S' "I >1' 

1 See Complex Ions, ’ 43 705 (iyo:p, Pick. />t«« . /frc«fu«, \m\, 

* See for examplch; Sherill, /• physd. , Uol.tlT, Z. phystk. Chm., 

Z. anorg. Chem., 51. 1 (ItHXi). • ^ Ig ^k.'i (1S95); Plotnikov and Ibikotjan. 

13. 341 (1894); Jakowkui, ’ y. aem. Soc, 99. IbUl (1911); 

J. Russ. Phgs. Chevi. Soc., 47, 7J.i Als-gg'H Amirganinchc Chcmie. 

Complexions. .014. - “If ' C ^ , .51, 7.7 (.9.»K 

»Walden. Z. physik. (to .46. ^0* ^ i. 171 (1914); 2. 

155, 1609 (1912): 153. 1144 (UID. » ’ (con^ulerH previous measuremmU all 

142 (1914): Fa-ssbindcr. Am. (physical condition of electrodes 

affected by impurities); : „;aiiy (V.nduHing Systems. 1922; Walden. 

affecU remilta): Kraus. ProKrt.es of ‘ J 
Elektrochemie nichtw^ssriger I^sungoii. 19.1 (full 

* Ann. Physxk, 2S, 326 (1909). 
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and the results indicated a conductivity due to ionization by radiations from 
the vessel, as with gases. Part of the ionization was due to external radiation, 
since the conductivity decreased when the vessel was surrounded by lead 
screens. The conductivity of hexane when exposed to rays from radium * 
did not agree with the results of Thomson with gases. The specific velocities 
of the positive and negative ions were 6.03 X 10“^ and 4.17 X 10"< cm. /sec., 
respectively, and the coefficients of diffusion 1.50 X 10“^ and 1.03 X 10~^ 
Van der Bijl,* by a method eliminating ionic diffusion, showed that, in the case 
of hexane, carbon tetrachloride and carbon disulphide, Thomson’s formula: 

du/dt = — on* 

is obeyed, n being the number of positive or negative ions per cc. and o the 
coefficient of combination,* It appears, on the whole, as if the conductivities 
of pure liquids, other than water or ionizing liquids, and of gases are similar 
in the mechanism by which the current is carried. As an example of the 
difficulties met with in this field, reference may be made to the decomposition 
of liquid sulphur dioxide by light, with formation of products which dissolve 
and increase the conductivity: * 

380, - S + 2SOa. 

The values of the specific conductance, k, for some pure liquids are given 
in the table opposite. 

Ionizing Power of Solvents: Dutoit and Aston ® considered that only as- 
sociated solvents were capable of ionizing dissolved electrolytes, but the results 
of Walden * show that all liquids are capable of causing ionization to some 
extent. 

One property of the solvent which has a marked influence on its ionizing 
power is the dielectric constant. This is considered in a later section, but it 
may be noted that the mass action constant K decreases rapidly with D, 
especially when D is less than 10. 

The effect of association has also been studied by Turner,^ who states that 
all associated liquids are conductors, and the best conductors are those which 
are most associated. A notable exception is water, and it is doubtful if this 
rule is general. The constitution of the solvent plays a part; acids in some 
solvents (c.g., water, alcohols) appear to form complexes with the solvent which 
are active in carrying the current, solutions in other solvents (e.g., nitro- 
benzene) having very low conductivities.* The chief factor governing the 

• Jaff6, Ann. Phyaik, 32, 148 (1910); cf. Curie, Compt. rend., 134, 420 (1902). 

• Ann, Phyaik, 39, 170 (1912); Bialobjeski, Le Radinm, 8, 293 (1911). 

• Conduction of Electricity through Gases, Cambridge, 1906, pp. 16, 17. 

• Coehn and Becker, Z, phyaik. Chem., 70, 88 (1910). 

• Compt, rand., 125. 240 (1897). 

• Z. phyaik. Chem., 54, 129 (1906). 

• J. Cham. Soc., 99, 880 (1911); Molecular Association, London, 1916. 

' Kendall and Gross, J. Am. Chem. Soc., 43, 1426 (1921). 
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table XI 


Sfe^ic Conductance of Pure Liquids 


Liquid 

Tem- 

pera- 

ture 

®C. 

K 

Olwervcr 

SO, 

15 

1.8 X 10 “ 

('arvallo, Ann. Physiqur, 1, 171 (1914)- 2 
142(1914). 

NHi 

15 

3.8 X lO '" 

do 

NH, 

-80 

4.9 X 10 ‘u 

do 

(C,H,),0 

16 

7.6 X 10-'« 


(CH,),CO 

15 

1.2 X 10 "• 


CH,0H 

0-20 

8.0 X 10-J 

do. 

HCN 

0 

1.1 X 10' 

1.2 X 10 -» 

C,H*0H 

17 

do. 

Carvallo, Compt. raui., 156. 175.5 (1913). 

(C,Hi),0 

— 

1.3 X 10 “ 

Fassbinder. Ann. Physik, 48, 449 (191.5) 

CiHiOH 

- 

1.35 X 10-» 

Danner and Hildebrand. J. .4m. <'haiu .SW.. 
44. 2824 (1922). 


— 

lO-K - l()-u 

Holde, Her., 47, 3239 (1914), 

CjHtOH 

18 

1.7 X 10-' 

Kraus and Bishop, J. Am. ('him. ^W.. 43, 

1.568 (1921). 

C*HuOH. ... 

— 

1.4 X 10- » 

Kraus and Bishop, J. Am. Chan. Soc., 44, 

2206 (1922). 

N(CH,),. . 

- 33.5 

2.2 X 10 '» 

Elsey, J. Am. Chcm. Soc , 42. 2451 (1920) 

(C,H»),NH... 

- .33.5 

2.2 X 10 -'“ 

do. 

CtHjNH, . 

- 33.4 

4.6 X 10 • 

do 

H.CONH, .. 

25 

28 X 10-» 

Davis, Putnam ami Jones, J. Franklin Inst,, 
180, .567 (19151. 

Ethyl aootute 

25 

less than 1 X 10 * 

Kendall and Gross, J. .!m. Clum ,Soc , 43, 
1126 U921) 

Ethyl benzoate 

25 

less than 1 X 10 » 

do. 

Benzyl benzoate 

25 

lo8.s than 1 X 10 * 

do. 

Acetone . . . 

25 

5.8 X 10 » 

do. 

Acetophenone 

25 

5.5 X 10 • 

do. 

Acetic acid . . . 

25 

2.4 X 10 * 

<|f. 

Propionic acid . 

25 

less than 1 X 10 » 

do 

OHjCICOOH . . . 

60 

1.4 X 10 • 

do. 

CCliCOOH .... 

60 

62 X 10 » 

.lo. 


ionizing power of solvents of low dieleclrie constniit is tlie chemical nature.’ 
A close relation between conductivity and siiecific refraction has Imtii pointed 
out.* This. is not remarkable in view of the well-known relation between 
refraction and dielectric constant. 

Determination of Conductance: The general methods used for non-aqueous 
solutions are the same as those previously described for aqueous solutions. 
In general, however, much more care is needed to obtain reliable results with 

‘Sachanoff, J. Russ. Phys. Chan .SW . 43. .520 (1911), C. A., 6, 179 (1912); Plotnikoff. 
Chem. Soc. Abs., 114, (ii), 183 (1918), 

* Gettnan and Gibbons, J. Am. Chcm. Sor., 37, 1990 (1915), Walden, Z, physik. Chetn., 
59 . 386 (1907). 
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Fkj. 21. Conductivity Cell 
for Non-Aqucoua Solutiona 


non-aqueous solutions than is required with aqueous solutions when the same 
degree of accuracy is sought. One of the main sources of error is chemical 
change of the solvent. Thus, alcoholic solutions readily undergo oxidation 
in contact with platinized electrodes, and the conductance steadily decrea.ses 
if this is not avoided.^ 

The design of conductivity cells has been considered by Morgan and 
Lammert, on the basis of Washburn's investigations (see p. 517). They have 
pointed out the modifications required with non- 
aqueous .solutions.* The most suitable standard 
liquid for the determination of the cell constant 
was found to be standard potassium chloride solu- 
tion diluted with 95 per cent alcohol instead of 
water, the solution being forced into the cell by 
^ purified air. The usual methods of cleaning and 

i — Zj drying the electrodes are inapplicable. A method 

IJ ( i IJ is described in which the electrodes are kept short- 

circuited, and the two electrodes should have as 
nearly as possible the same contact potential when 
immersed in the solution. When the electrodes 
are properly cleaned no change of conductivity occurs with change of P.D. 
Fig. 21 shows a cell designed by Morgan and I.ammcrt {loc. ciL) for non- 
aqueous solutions.® 

Investigations on Non-Aqueous Solutions: ^ The investigations on non- 
aqueous solutions are of very unequal merit. Some are very inaccurate, and 
before using any data in this field a very careful comparison is required. Of 
the earlier results, those of Vollmer ® may be mentioned as reliable. 

The simple relations betw'een conductance and concentration found with 
aqueous solutions do not, in general, appear when other solvents are used. 
In some cases, when the dielectric constant is high, the conductance (molar or 
equivalent) decreases with increasing concentration as in the case of aqueous 
solutions. This is found with solutions in liquid ammonia and methylamine. 
In other cases, when the dielectric constant is fairly low (not greater than 20), 
a minimum conductance is attained. When the dielectric constant is about 20, 
the conductance decreases with increasing concentration at low concentrations 
and becomes constant at higher concentrations. When the solvent has a very 
low dielectric constant, the conductance increases with the concentration. In 
all oases, above concentrations of 1 molar, the conductance appears to decrease 
with increasing concentration.® 


‘ partinaton, J. Chem. Soc., 99, 1938 (1911). 

*/. Am. Chem. Soc., 45 , 1692 (1923). 

* Cf. Robertaon and Acroo, J. Phys. Chem., 19, 381 (1916); for ordinary work Partington 
(loc. cil.) found the stoppered type of cell. Fig. 2, p. 516, most suitable. The cell is nearly 
completely filled, and air and moisture excluded by a good stopper covered with Faraday's 
cement. 

« Cf. Mttller, Ahrens. Sammluny, 27. 268 (1923). 

•Ann. Physik, 52. 328 (1894). 

• Anderson, J. Phya. Chem., 19, 753 (1915); Mathews and Johnson, ibid., 21, 294 (1917); 
Isbekoff and Plotnikoff, Z. anorg. Chem., 71. 328 (1911); Sachanoff, Z. phyaik. Chem., 83, 
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Steele, McIntosh and Archibald* f » • , . 

results on the assump^on of complex forn.ation WtUr’sohUe 1.1 s“ 
on the basis of which they arrived at the relation 


= aK, 

where k = specific conductance, a = degree of ionization, V ~ dilution K 
= constant and n = number of nmls. of solute euteriuK into combination, 
This work has been very .severely criticized by I’lotnikolT,' who shows that it 
is incapable of covering some known rcMiIts. 

Walden ® considers that the position of tl»e miniinum molar condiietance is 
related to the dielectric constant D of tlie solvent according to Mie expression 
/) 1^1/3 _ const., for a given electrolyte, wliere I is theclilution corresponding 
with the minimum molar conductance (corrected for viscosity). 

Creighton and Way state that the vahn* of is greater in aliphatic than 
in aromatic solvents of tlic same typ<‘.‘ In the case of p-tolyltrimethyl- 
ammonium iodide the value of Ago in dilT(*rent solvents is gr(*atest wlam the 
latter contain a - CllO group, and least when tlu'v contain a - (’OOll grtnip. 

In the case of alcohols * the results are more or le.ss similar to those with 
water; methyl alcoliol shows the closest similarity, and the divergence increases 
with the complexity of the alkyl group. The ionization is smalh'r than in 
water,® and conductance usually increases with dilution. Similar results iiave 
been obtained with solutions in phenol,* which is of ih(‘ wat(‘r type. 

129 (1913); SachanofT, J. liuss. Phiji. Chan. Sor , 44, 321 (1912): ,1 , 6, l.'ilVl (1912); 

Getman and Gibbons, ./. .Im. Clum. Soc., 36. KUO (1911), 37. 1990 (191.')). 

‘Steele and McIntosh, Proc. Roy. Soc., 74, .121 (190,’)); .Vrolubald, ./. .Iw*. ('hnn, Soc., 
29, 665 (1907). 

* J. Russ. Phys. Chan. Soc . 40, 1213 (190.S) , ('h< in. Soc. .pif , 96, (u), 13 ( 1909) ; I'ninkliii 

and Gibbs, J. Aw. Chan. Soc., 29, 13.S9 (1907), mh*. howexer, SacluuiolT, J. Ruts. Phys. 
Chan. Soc., 43, 534 (1911); .1., 6. ISO (1912) 

* Bull. Acad. Sa. Pettrshuru, 7, 10S3 (1913), S.n li.'inofT and Prshclforovski. ./. Russ. 

Phys. Chan. Soc., 47, S-19 (191.')), SuclianrffT and l{.d>in<i\ ihid , i». s.')9, A., 9, 3009 

(1915). 

* Franklin Inst., 186, 07.) (191S). 

®Cattaneo, R. Acad. Torino, 28, 617 (1S93). Vollincr, /Inn. Phyak. 52, 32S (1K94). 
Partington, J. Chan. Soc.. 99, 1937 (1911); 7’/<i/w. Farad. Sac., 15, 111 (1919); UoIhtInoii 
and Acree, Eighth Jnternat. Congress Appl. Claw , 26, ()09 (1912), J. Phys. ('lam , 19, 381 
(1915); Goldschmidt and coworkers, Z. physik Chew . 89, 129 (mb')). 91, 10 (1910); 'A. 
EUktrockan., 20, 473 (1914); Gclinan and OiblMUis, ./. A»«. ('hem. Soc., 37, IIMM) (mb')); 
Kreider and Jones, Am. Chew. J., 45, 2S2 (191lj, 46. .ITd (1911), and fiunicrous paixTS l)y 
Jones in later issues; Turner, ./. .\m Chew. Soc , 40. .').)H (KK)H); bltjytl anti Piwlref*, Carttrgw 
Inst. Pub., 260, 99 (1918); Dutoit and Itappepfnt. J. Chun. Phys., 6, 545 (KK)H), Archibald 
and Patrick, J. Am. Chan. Soc., 34, .309 (1912), in<ah,\l alcohol: VOilmer, loc. ai.; Kreider 
and Jones, loc. cit.; Goldschmidt and Thuesen. Z. physik. Chan., 81 , 30 (1913); Kimbach 
and WeiUel, Z. phystk. Chew., 79. 279 (1912), cf. Partington and Grant, Trans. Farad. Soc., 
19 , 414 (1923). 

•Keyes and Winninghoff, J. Am. Chem. Soc., 38, 1178 (1916), Bishop and Kraus, iltid., 
43, 1668 (1921); 44, 2206 (1922). Acetone; Walden, Z. physik. Chem., 54, 208 (1906); 
Dutoit and Levier, J. Chim. Phys , 3, 4.35 (1905): Koshdeslwcnsky and Lewis, J. Chem. Soc., 
99 , 2138 (1911). 

* Kraus and Kurts, J. Am. Chan. Soc., 44, 2464 (1022). 
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Numerous measurements in anhydrous formic acid have been made. The 
electrolysis of sodium formate in formic acid yields carbon monoxide.^ The 
conductances have been determined by Schlesinger and co-workers.® Higher 
fatty acids have also been used. The conductance in acetic acid * decreases 
with dilution, the effect being more rapid with propionic acid. The effects 
are very marked with concentrated solutions, and complex formation is 
indicated. ♦ 

Amines liave been investigated by Sachanoff,*^ who found that the con- 
ductances in aniline, methylaiiiline, and dimethylaniline decrease in the order 
given. Dimethylaniline is on the border between ionizing and non-ionizing 
solvents. Aliphatic amines ® and pyridine ’ have been investigated. In 
nitrobenzene solutions halogens are non-conductors ^ whilst ICI3, IBr give 
conducting solutions, electrolysis of which takes place according to Faraday’s 
law.® 

A very interesting solvent is formamide, H.CO.NH 2 , which forms good 
conducting solutions, although less .so than water. The physical properties of 
the two solvents are very similar. In some cases the results are different, e.g., 
CBrjCOOH is highly ionized in water but only slightly so in formamide.’® 

An extensive series of measurements have been made in anhydrous am- 
monia.” The solutions behave similarly to aqueous solutions in that the 
conductance increases with dilution and attains a limiting value.’* The con- 
ductance of a salt in ammonia is, in general, higher than that in water, although 
the ionization is less. Ammonia approaches alcohol and acetone in ionizing 
power. In some cases (e.g., KNH 2 , HgCy 2 and AgCN) a minimum con- 
ductance is observed. Franklin” found in the ca.se of Cu(N 03 ) 2 , ZnCNOs)?, 
KHgCy 2 and KNH 2 two maxima and a minimum. Solutions of alkali metals 
in ammonia at the boiling point (— 33.5®) conduct ionically, the negative ions 

* Hopfgartnor, Monalah., 32, 623 (1911). 

»/. Am. Chem. Soc., 36 , 1689 (1914); 38 , 271 (1916); 41 , 72, 1921 (1919). 

*SachanofT, J. Huaa. Phya, Chem. Soc., 43 , 620 (1911). 

* SaohanofT, J. Huaa. Phya. Chem. Soc., 43 , 6.34 (1911) ; C. A., 6 , 180 (1912) ; HopfRartner, 
Monatah., 33 , 123 (1912); 34 , 1313 (191.3); Konovaloff, J. liuaa. Phya. Chem. Soc., 24 , 440 
(1893); Chem. Soc. Aha., 64 , (ii), 356 (1893). 

» J. Ruaa. Phya. Chem. Soc., 42 , 083 (1910); C. A., 5 , 3749 (1911); 44 , 324 (1912); C. A., 
45 , 102 (1913); C. A., 7, 1831 (1913); Z. phyatk. Chem., 85, 129 (1913). 

•FiUgorald, J. Phya. Chem., 16, 021 (1912). 

^ Baskov, J. Ruaa. Phya. Chem. Soc., 46 . 1099 (1914); C. A., 9, 2171 (1915); Anderson, 
J, Phya. Chem., 19, 763 (1916); Mathews and Johnson, ifntl.^ 21, 294 (1917). PjTidine is 
used as solvent in preparing some metals, e.g., Li. by electrolysis. 

•Bruner, Z. EleklAjchem., 16, 204 (1910); Bull. Acad. Sci. Cracot., 731 (1907). 

* Bruner and Galeoki, Z. phyaik. Chem., 84 , 613 (1913). 

’• ROhler, Z. EUktrochem., 16. 419 (1910); Walden, BuU. Acad. Set. Peterab., 5. 1055 (1911); 
Davis and Johnson, Carnegie Inat. Pub., 260, 71 (1918) ; Jones, D|i\-i8 and Putnam, J. Franklin 
Inat., 180, 667 (1916); other organic solvents, Walden, loc. cit., 7, 559, 907 (1913). 

“ See Kraus, Electrically Conducting Systems, 1922. 

’• Franklin and Kraus, Am. Chem. J., 23 , 277 (1900). 

”Z. jdtyaik. Chem., 69, 272 (1909); cf. Franklin and Gibbe, J. Am. Chem. Soe., 29, 1389 
(1907) (methylaraine). 
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dilution, the conductivity falls rapidly. 

Liquid halogen.^ halogen hy,|r;,ci,l,s< glycerol,' l,e„z..„o,« chloroform, > 
hydrogen peroxide, sulphur dioxide,* aluminium bromide,'® sulphuric acid," 
hydrocyanic acid, and other noii-aiiueous s»»lveuts have lMH*n examined. The 
classical researches arc those of \\ aldeu,'* who examined a large numlu'r of 
substances (PCla, POCI 3 , PBr.,, AsBr,, SO,. SOa, SOCI,, SOjClj, S-Ol,, 1I,S0«, 
SbCla, SbCU, BCI3, Sic b, Sn( b, Hr,, S()of()n)(’'CSO,(()( 'llj);, organic solvents) 
and gives extensive references to the literature. 


Svedberg " finds that the temperature coetlicient of conductivity in aniso- 
tropic solvents is abnormally high; a sharp change in conductivity occurs at 
the transition point. 

Temperature Coefficient of Conductivity in Non-Aqueous Solutions: The 

conductivity of many salts in organic solvents increases with temperature." 
At certain concentrations and above certain temjH’rutures the conductivity 
decreases with rise of temperature, and at lower temjieratun's there is usually 
a maximum point.'® At concentrations about normal, and above, the con- 


‘ Kraus, J. Aw. Chvm. Soc., 30. (>.W. 1197, 1:12.1 (IDOS). 36, HU-l (1911), 43. 719 (1921). 

* Kraus and Luoa.sso, ,/. .Iw. ('him. Soc , 43, 2.'»29 (1921). 

* PlotnikofT, J, Runn. Phyn. ('hem Sih., 49, 7(1 (19171, PlittnikolT and Hokotjun, ihtd,, 
45, 193 (1913): C. A., 7. 21 IS (19i;i). Johnson and .McIntosh. J. Am. (’hrm. St)c.. 31, lUlK 
(1909): Mennie and Mrintosh, TranA. Roy. Soc. ('omuht, 16, iii, .'101 (1922), Walden, «oo 
below, 

* Archibald, J. .4m. ('him. Soc , 34, .'»S4 (1912), 29, OtW, 141(1 (1907). 

‘ Guy and Jones, -Iw. ('hem. ./., 46, 1.11 (1911). 

•Allen, Kansas Unir. Set. Hull, 190.'), ('iid\ and l.idUenw niter. J. Aw. ('hrm. Soc., 
35, 14.34 (1913); Koenijr. ihul., 36. 9,)1 (1911;. Cndj and llaldwin, thul.. 43 , 040 (1921) 
(benzene solutions of dry salts ha\e a real (•••n<ln( ti\ it\ ). 

T Walden, Bull. Acad. Sci. Rilnsh., 7, 907 (191.1), aNo CCb, /. anory. Vhrm., 115, 49 
(1921) (summary of re.sult.s for orKanir •‘obfiits). 

•Jones and Murray, .Iw. ('him. ./ . 30. 20.') (190.1) (sul|)h«trj(’ and an'tir acids moni 
stron^y ionized than in water). 

•Walden; Dutoit and (lyr, J. Chun. Rhy.^., 7. 1H9 (l'.M)9), Franklin, ./. Rhys, ('hem., 
15, 675 (1911). 

'•IzbekofT and I’lotnikoff, ./. Rus.s. Rhys, ('him Soc., 43. IS (1911); Z. anorg. Clum., 
71, 328 (1911). 

Kendall, Adler and DaMd.*^)n, J -Iw ('him. Sor , 43, IMO (1921). 

'* Kahlenberg and Schlundt, Rhys, (’him., 6. 447 (1902). 

'» Ber., 32, 2862 (19{X)): Z. anorg ('hem , 25, 209 (llKKl); 29, .371 (1902); Klektroehemio 
nichtw&asriger Ldsungen, 1924. 

"Arm. Physik, 49. 4;i7 (1910): Roll. Z.. 18. 101 (1910); 20. 73 (1917), 21, 19 (1917). 

’‘Partington. J. Chem. Six-, 99, 19.37 (1911). Itimbnch and Weitzel, Z. phynik. Chem.. 
79, 279 (1912): Walden and fVntnerzswer, dad , 39. 51-3 (1902); Walden, \hui., 73. 257 
(1910); Kraus and Lueasse, J. ,4w. ('him. Six- , 44, 1941 (1922), Arrhiljald, J, Chim, Phys., 
11, 741 (1913); i:isey. J. Am. Chem. Six-. 42. 24.'>4 (1920); Kraus. Klertrically Goudueting 
Sy’stems, pp. 154 ff.; numerous j)a|)er‘« by H. ('. .Tones and eo-workers in Aw. (.hem. J. and 
J. Am. Chem. Soc. from 1903 onwards; Miiller, A^rtfw Sammlut^j, 27, 279 (1923). 

'•Kraus, loc. cti., p. 154. 
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coefficient (a) in solutions in liquid lIBr at difforcnt dilutions (V) show how 
varied are the numerical values for different electrolytes. 

The results have been interpreted by Kraus on the ba>is of Ins equation 
for conductance as related to concentration (see p. .VJD). Witli rise of tein|)or- 
ature the dielectric constant of the solvent decreases, and lienee the mass 
action constant K also decreases. The value of ni in the equation; 

A" = //(m)" + K 

increases and // remains practicidly independent of the dieleclric constant 
when the latter decreases.* Tlie interpretation of the results, liowever, is 
obviously not confined to any special equation such as Kraus’s. 

The effect of pressure on the conductivity of non-a(iueous solutions has 
been considered by Schmidt,** who divides it into three factors: 

(i) change of volume; (ii) change of viscosity; (iiil change of ionization. 
The resistance at p atm. pressure is related to tiiat at I atm. by the equation: 

loR (’•p/j’i) = dp - /fp^ 

W'herc d, J5 arc con.stants. At 20® C., 

A = 0.0001 00 + 0.00.)0l»j, 

where p = viscosity for normal and slightly asi'oeialed .substanci's. In the 
case of strongly a.ssociatcd .sohents (alcohols) the observed value of .1 is 
smaller; A also decreases with rise of temperature. Tlie pre.ssure eoellieieiit 
is usually larger for aqueous solutions. 

Viscosity and Conductivity: The .vaiiK' considerations apjily to noiiMiqueous 
as to aqueous solutions with re.spect to the effect of xheosity on the motion of 
the ions. From the measurements (»f eiui<luclivities of solutions of telra* 
ethylammonium iodide in various orgaiue Miivents Walden*' was led to the 
generalization that the product of tlie molar conductance at infinite dilution 
and the viscosity of the solvent is constant, m*’?* - const. The constant is 
about 0.7, and is independent of teinjierature. At first Walden considered 
that the constant was independent of the solvent, but thi.s was disproved liy 
Pi.ssarjewski and Shapovalenko.* 

The empirical rule of W^aldcn is not of general validity,' although it is an 
approximation which holds good in many cases. Walden* tested it for a 
large number of solutions. In the cases of N(C2lU)4l io benzyl cyanide, and 
N(C6 H,i)J in methyl and ethyl alcohols and acetone, the re, suits slowed that 

1 Electrically Conducting i». l-'i.). 

» Z. phyaik. Chem., 75, 305 (1010). 

*Z. pkysik. Chem., 55, 207, 246 (UHXi); the relation follows from Stoken’s law, Lungo, 
.Vwopo dm., 16, ii. 173 (1918). 

*J. Rusa. Phya. Chem. Soc., 42, 905 (1910); C. A., 6, 318 (1912); Walden, Z. anorg. 
Chem., 113, 85 (1920). 

* Dutoit and DuperthuU, J. Ch,m. Phya., 6. 726 (190h); criticUed by Walden, Z. phyaik. 
Chem., 78, 257 (1912). 

* BuU. Acad. Sci. Peicrab., 7, 559 (1913). 
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the salts of complex kations behaved exactly like KI. It was found that if V 
is the molar volume of a large ion, the relation \fV ** const, holds for 
different salts of a homologous series. Fitzgerald ^ applied Walden’s relation 
to solutions in SOj, NHs and methylamine. The constant fell between 0.9 
and 1.1, and the conclusion was reached that these solvents are abnormal, but 
Walden* showed that for binary electrolytes the constant may vary from 
0.6 to 1.0. 

Arndt * found that Walden’s rule, Aj; = const., does not hold even approxi- 
mately for fused NaPOa and mixtures of this with B 2 OJ, below 900®. Above 
this temperature the relation applies. 

Walden has recently shown, from a consideration of a large amount of 
experimental data,^ that his rule holds for many acids and some salts in non- 
aqueous solvents, mixtures of solvents, and for aqueous solutions of salts 
yielding highly complex ions. The temperature coefficients of viscosity and 
of limiting conductance are practically identical : 

l/A«.dAae/dt = — lh»‘dr)aafdt, 

as required by the rule. It does not hold for solvents which are highly associ- 
ated, or which, Ijave a high viscosity, such as glycerol, formamide, etc.,® prob- 
ably because temperature and concentration changes affect the degree of 
solvation of the solute. Robertson and Acree ® find the relation 

a ~ HvVvlfi<»Voo 

to be less accurate for alcoholic solutions of concentration below N/i than the 
simple Arrhenius formula: a == This type of viscosity correction, in 

fact, is by no means so certain as seems to be assumed. 

H. C. Jones ^ proposed the relation Arfjx — const., where A is the equivalent 
conductance of comparable equivalent solutions and x the association factor 
of the solvent. This was shown by Creighton * to hold approximately for 
solutions of p-tolyltrimethylammonium iodide in organic solvents. The ex- 
pression Aoo»? = const., also due to Jones, held for many of the solutions. 

Sachanov and Prsheborovski,® as a result of experiments with solutions of 
silver nitrate in amylamine, aniline, quinoline, and other solvents, conclude 
that the maximum conductance shown by these solutions is a consequence of 
the overcompensation of the increase in dissociation of the solute by the ex- 

» J. Phya. Chem., 16, 021 (1912). 

*Z. anorg. Chem., 113, 85 (1920). 

*Z. EUktrochem., 13, 809 (1907). 

♦ Z. aftoirg. Chem., 113, 86 (1920). 

* Pissarjewsky and Shapovalenko, J. Ruse. Phya. Chem. Soc., 42 , 905 (1910); C. A., 6 , 
318 (1912). 

• J. Phya. Chem., 19, 381 (1915). 

^ ilm. Chetn. J., 32 , 521 (1904); Jones and Bingham, ibid., 34 , 481 (1905), pointed out 
that no allowance was made for possible changes in siie of the ionic sphere. 

« J. Franklin Inat., 187, 313 (1919). 

» J. Rma. Phya. Chem. Soc., 47, 849 (1915); C. A., 9, 3009 (1916). 
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cessive increase in viscosit v nf i • 

normality disapiwars when a viscositv'*'r.rreeT'''‘ The nb- 

with low dielectric constants (less than i t) tlie vi e" 

with concentration. With so vents o 1 , t , . 

ductance d.m.ntshes un.nterruptedly uith cuncentratiou, whilst if ! . I 

correction is applied a minimum conductance is fouinl.' 

Dielectric Constant and Conductance: The force everted Iwtween two 

charged point source., depends not only on the charges, the distance 

d apart, but also, as was shown by Faraday,* on the nature of the medium 
separating them; 

F = //)rf*. 

where D is a constant for any particular medium, known as the dielectric 
constant (called the specific inductive capacity by Faraday). Its value de- 
pends on temperature. The following vaiins >• ivfor to IS'^ T. 


TAHLE XIII 


DlKLEf'TRK' CoVrtrvVTH OP I.IQI tlH 


Liquid Hydrocyanic acid 

90 

Mctlu latiiinc 

* . . 10 

Water 

M 

IMicnol 

9.7 

Nitrobenzene .... 

. 30 

.\cetie acid 

9.7 

Methyl alcohol 

3.1 

.\mlmc 

. 7 28 7.5 

Ethyl alcohol . 

. 20.1 

IVopioiiic acid 


Ammonia ... . 

22 

< 'liloroforrii 

rj 

Sulphur dioxulc 

10 5 

Id her 

1 

PyTidine 

12 1 

( ’arlMUi (lisiilpliidc 

. 2,0 

Ethylene chloride 

10 

lh*ii/eiic 

2.3 


A comparison of tlic.^e numher.'a wilh (h(‘ ioni/ing powor" of I In* .‘‘ol vents 
reveals a close similarity, vhieh .M'cniv hr-l to ha\(‘ been pointc'd out by J. J. 
Thom.son ^arul Ncrnst,®an<l is kmnvn tho X<‘rn''l-Thom''f)n rule: tlu* ionizing 
power of a solvent is greater the largn the dielectric coii'^taiif. 'fhe eijuation 
shows that the force between the pair of ions forming the .salt "molecule” is 
smaller the larger the dielectric constant of the medium in which they are im- 
mersed, and they then fall apart more easily The Xernst-Thorn.son rule has 
been broadly confirmed by experiment.® There are other influences promoting 
ionization, and the.se appear most markedly when the dielectric constant is 

‘ J. Rms^Phys. Chem. >Soi'., 47. 859 (lOl.'u, <\ A , 9, .3009 (1915). 

* Experimental Rescjirches m EI(K‘tricity, lltli pp. .30-1, .39.3. 

•Numerous other liquid.*^, Hchlundt, J. Phyx. (.’htfn., 5, 157, 503 (1901), WmkHmaun's 
Phj-sik, Vol. IV, 1905, pp. 135 fT.; hKj (Jraoi*, Klrktrizinit mid MiMjacfiFnius, Vol. I, 
1918, pp. 157 ff.; Mailer, Ahrenx Samtnluug, 27, 213, 285 (1923). 

• Phil. Mao., 36, 320 (189.3). 

*Z. physik. Chem., 13, 531 (1894). 

•Schlundt and Palmer J. Phys. Chem., 15, 381 (1911); .Sarhanov and PrshelForovski, 
Z. EUklrochem., 20, 39 (1914); Joachim, Ann. Phyxik, 60, 570 (1919), 


20 
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small; the chemical character of the solvent is then most important* The 
dielectric constants of halogen hydrides (HBr, HI) are abnormally low, yet 
these solvents give solutions of high conductance with certain organic acids 
and alcohols.* 

The methods used in the determination of dielectric constants are: 

(1) Condenser method, in which the capacity of a condenser is measured first with air 
as the dielectric and then with the liquid.' The dielectric constant of air may be taken 
as unity. 

(2) Stationary wave method, in which ' the lengths of stationary electromagnetic waves 
set up in the medium and in air are measured, the length being inversely proportional to VB! 

The dielectric constantH of many solvents have been measured by Walden,* 
who has also calculated the value for dissolved salts.* Formulae have been 
proposed for the dielectric constants of solutions, e.g., by Silberstein: * 

D “ (FiD, + + V^), 

the mixture rule, and by Bouty: * 

D =* + MMliM, + M7), 

with masses instead of volumes. 

The molar conductance of many solutions in solvents of small dielectric 
constant decreases with dilution. Solvents of high dielectric constant often 
show a negative viscosity effect, i.e., the viscosity of solutions decreases with 
increasing concentration.* 

Dobrosserdoff has found that Obach's relation:" L = aZ), where L 

> BachanofT, J. Ru»». Phy». Chem. Soc., 42, 1303 (1910); C. A., 6, 179 (1912); 43, 526 
(1911) : C. A., 0, 179 (1912); Z. phv$ik. Chem., 80, 13, 20 (1912); cf. Plotnikoff and Rokotjan, 
ibid., 45, 193 (1913); C. A., 7, 2148 (191.3); ibid., 47, 723 (1915); C. A., 8, 2475 (1914). 

* Sohaefor and Schlundt, J. Phya. Chem., 13. 609 (1909). 

* Neruat, Z. phyaik. Chem., 14, 622 (1894); Turner, ibid., 35, 385 (1900); Tangl, .Inn. 
Phyaik, 23, 559 (1907); Joachim, ibid., 60, 570 (1919); for descriptions of all methods see 
Nernst, Theoretische Chemie, ^^10 Aufl., p. 367; Kohlrausoh, Praktische Physik, 11 Aufl., 
pp. 616 ff.; Arndt, Physikol-Chem. Teohnik, 1915, pp. 011 IRT.; Oraets, loc. eit.; Winkelmann, 
foe. ctf. Other methods; Hertwig, Ann. Phyaik, 42, 1099 (1913); Jackson, PhU. Mag., 43, 
481 (1922); King and Patrick, J. Am. Chem. Soe., 43, 1835 (1921); Silow’s electrometer 
method, Cohn and Arons, Ann. Phyaik, 33, 13 (1888). The two methods mentioned in the 
text have been used w’ith success by the writer. 

< Dnide, Z. phyaik. Chem., 23, 267 (1897); 40, 635 (1902). 

* Z. phyaik. Chem,, 70, 569 (1910); Schaefer and Schlundt, J. Phya. Chem., 13, 669 (1009); 
16, 253 (1912); Schlundt and Underwood, ibid., 19, 338 (1915); Cauwood and Turner, 
J. Chem. Soc., 107, 276 (1915); Rata, Z. phyaik. Chem., 19, 94 (1896); Schlundt, foe. dt. 

Acad. Sci. Peterab., 6, 305, 1055 (1912). 

' Ann. Phyaik, 56, 661 (1895). 

* Compt. rend., 114, 1421 (1892); Philip, Z. phyaik. Chem., 24, 18 (1897). Dobroserdoff, 
J. Ruaa. Phya. Chem. Soc., 44, 396, 679 (1912); C. A„ 6, 1564; 2350 (1912), finds that the 
formula are not satisfactory; cf. Filrth, Ann. Phyaik, 70, 63 (1923)^ who found, for instance, 
that the constant for a cr>’Btalline solute cannot be found from the mixture rule. 

* Sachanov and Prshelwrovski, Z. Elektrochem., 20, 39 (1914); Kraus and Bray, J, Am. 
Chem. Soc., 35. 1315 (1913). 

Rnaa. Phya. Chem. Soc., 41. 1385 (1909); C. A., 5, 607 (1911). 

“ Cf. Grimm and Patrick, J. Am. Chem. Soc., 45, 2794 (1923). 
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• late&t heat of evaporation and a is a constant in a given homologous aeries 
(39.5 for aliphatic acids; 25.5 for amines; 31 for aromatic hydrocarbons; 14.2 
for all esters; 6.5 for alcohols, nitriles,* ketones and alkyl halides), is of fairly 
wide applicability. Thwing’s relation: 

O’- dia,ki + aiki -{-•••): M. 

where d « density, M *= molar weight, oj, at, ••• » number of atoms, ki, 
ki, • • • se dielectric constants of separate atoms, does not hold generally. 
Lang's relation: 

D = 121.10-‘5 + 1, 

where S == sum of valencies of atom.s, holds only for .six ga-ses. The same 
author has reached the following general conclusions us to the dielectric con- 
stant: * (1) It is a constitutive property. (2) In homologous series it decreases 
with increasing molecular weight.* (3) I>arge differences in D are produced 
by multivalent elements, e.g., nitrogen. (4) Tlie effect on D produced by tin* 
entry of any one radical into a compound varies wdth the conHM)und. (5) 
Change from a saturated to an unsatiirated compoijnd is accompanied by 
increa.se in D. (G) D increases with the symmetry of the compound, e.g., 
ring closure increa.ses D, (7) Isomeric compounds have different /)’s. 

Rise in temperature diminishes D in the case of liquids and gases, but 
increases it in the ca.«e of solids. According to TIn)ms()n * tlio change in D 
for liquids and ga.se.s is inversely proportional to the alxsoluto temperature. 
The dielectric constants at the critical temperature are very small* 

Fleming and Dew'ar * measured the dielectric constants of several liquids at 
low temperatures; the constant bir the solidified substance appears to decrease 
os the temperature falls. 

The effect of pres.sure for liquids is given by the empirical formula: * 

Z)p « 0,(1+ + 0/;*), 

in which A is positive and B negative. 



MeC)ll 

Eton 

MotCO 1 

Et,0 

C8, 


Z) at 15® C 

34.0 

2,5.H 

21.85 1 

4.25 

2.67 i 

7.61 

2? at - 185® C 

3.13 1 

3.11 

1 1 

2.3. j 

2.24 j 

.1 

2.92 


The figures for ice are: 


/®C. 

- 206 

- 182 

- 175 i 

- 149 

- 136 

- Ill 

- 77.7 

- 49.0 

- 7.5 

D« 

2.43 

2.42 

2.43 

3.43 

5.02 

10,8 

37.3 

67.2 

70,8 


» Cf. Schlundt, /. Phyt. Chem., 5, 503 (1901). 

»y. Russ. Phys. Chem. Soc., 43, 73 (1911); cf. C. A., 5. 3362 (1911). 

•Pha.M<io., 27. 764 (1914). 

♦Evewheim, Ann. Physik, 8, 539 (1902); 13, 492 (1904). 

‘ Proe. Roy. Soc., 61, 299. 316, 368, 368 (1897). 

‘Ortway, Ann. Physik, 36, 1 (1911); ether, benzene, toluene, xylene, C^h, castor oil, etc. 
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Walden ’ has put forward the rule: 

■ (1 - a) - const. approximately, 

where c is the coneentrntion, or Dv^>^ = const, at a given temperature, for 
different solvents, where v is the dilution at which the solutions of a given 
electrolyte have the same ionization. This is in agreement with Ghosh’s 
theory (see p. 564), but the values of the ‘'constant” vary by as much as 23 per 
cent,’ and Walden’s rule cannot hold generally. 

If K is the constant of the Ostwald dilution law at infinite dilution K 
- (0.0054/))®, or generally, K = const. 7)®. It follows that similar formulie 
hold for polymerizing solvents.® 

The influence of small quantities of .salts on the dielectric constants of 
solvents has been studied by many experimenters, with most divergent re- 
sults.® Walden considers that dissolved .salts cau.se a large increase in the 
value of D, and is inclined to explain the abnormalities of strong electrolytes 
by the increase in the ionizing power of the solvent. Lattey found exactly 
the opposite result, D being lowered. 

Maxwell * deduced the relation n — 7)’^®, where n = refractive index, from 
the electromagnetic theory of light. This is in agreement with experiment in 
some cases, but the divergencies are enormous in the case of water and alcohol. 
The divergencies are attributed to the difference in the frequencies in the light 
waves and tho.se used in finding the values of 7). For very long waves, n has 
the required value for water. 

Clausius and Mosotti ^ deduced the relation; 


(7) - l)/(7) + 2)d = const., 

where d is the density. Walden ® finds that the constant varies with temper- 
ature, sometimes increasing and sometimes decreasing with ri.se of temperature. 
He proposes the empirical relations: 


D - 1 M 
D + 2 * d T, 


const. = 3.6, 


where T, is the absolute boiling point, and <7 is the surface tensioii, and 


MD = 0.18T,, 


These do not hold for associated liquids. 

‘ Partington, Trans. farad. Soc., 15, 113 (1919); Kraus, Electrically C^onducting Systems, 
p. 97; Turner and Bissett, J. Cheni. Soc., 105, 947 (1914). 

* Walden, 2. physik. Chem., 94 , 263, 295, 374 (1920); 54 , 129 (1906); 70, 569 (1910). 
*Cohn, ^nn. Physik, 45 , 370 (1892); Nemst, 2. physik. Ch^., 14 , 622 (1894); Drude, 

ibid., 23 , 267 (1897); Smale, .inn. Physik, 61 , 625 (1897); Palmer, Phys. Rev., 14 , 38 (1902); 
Walden, Bull. Acad. Sci. Peterah., 6 , 305, 1055 (1912); Lattey, Phil. Mag., 41 . 829 (1921). 

* Ellectricity and Magnetism, Oxford. 1892, Vol. II, pp. 434 ff. 

» Mecbanische Wftmietheorie (Clausius), 1876, Vol. 2, p. 94. Cf. Pagliani, ^ec. dei 
lined, 2, 48 (1893). 

«2. p>vsik. Chem., 70, 569 (1910). 
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Solvents with considerable ionising power have a strong tendency to 
associate in the liquid state; ^ tliis agrees with the observation of Kohlrausch 
that pure liquids do not conduct at ordinary temperature to any appreciable 
extent. The degree of a.ssociation of a binary solute in a non-aqueous solvent 
depends on the dielectric constant, increasing with falling dielectric constant.* 
Walden concludes that highly a.ssociated binary electrolytes may pass through 
all stages of molecular complexity, fnjin simple ions to highly complex molecules, 
in suitable solvents. Sodium chloride in b(*nxene is colloidal. 

The Nature of Non-Aqueous Solutions: After the successful application of 
Arrhenius’ theory of electrolytic dissociation to aqueous solutions it seemed 
obvious that the results obtained with other solvents should be capable of 
interpretation in a similar way. With the progre.<s of investigation, however, 
serious difficulties wore encountered. In some ca.ses the molar* ctuiductanoo 
diminishes with increasing dilution, instead of increasing to a limit ns it should 
on the theory of ionization. In the early days of the ionic theory the assump- 
tion was made that all reactions are ionic, and the curious arrest of many 
reactions in carefully drietl systems lent some support to this sweeping gener- 
alization. Careful experiments showed * (hat reactions can take place in non- 
aqueous solutions which show no trace of conductance. On the other hand, 
earlier experiments of this type,« brought up as evidence against the ionic 
theory, have been shown ^ to be incorrect; solutions of copper salts iji dry 
benzene have a definite conductance. 

Other experimenter.s * report that a limiting molar conductance is not 
reached at high dilution, wlu'reas Robertson and Acree,^ and Dhar ami Rhatta- 
charyya * obtained definite limiting conductances. 

The question of the calculation of ionization from conductance has also 
received difTerent answers. Kraus and Bray " consider that the ratio of molar 
to limiting conductance measures the ionization up to 1 n. when corrections 
for viscosity are applied. On the other hand, Snethlage'" considers that solu- 
tioias in ethyl and methyl alcohols may )>e divide.l int.) two groups; (1) strong 
electrolytes* such as HCl and salts, the propertie.s of solutions of which are 


‘Nornst, Z. physik. Chem., 14, 022 (isO-li, Dutoit uml Anton, ('omid. rrrui.. 125, 240 
(1897); Kohlrausch, Ann. Physik, 159. 270 {IS7.'>). 

• Mrfdrvm ami Tumor. J. Chrm. ,SW.. W. h7« 97, imir., I»l« (KMO); Walden, 

Kolloid Z., 27. 97 (1920). 


> Folm and Hatidcm. J. Am. Chnn. .SW , 34. 774 (1912). 

^Kahlcuberg, J. Phys. Chrm., 5. (llH)l). 6. I (1902); cf. Hughe's, Phil. Mng., 
533 (1893); aSammis. J. Phys. ('hem.. 10. 593 (llMXi); CaUw, thuL, 15. 97 (1911). 

» Cady and LiohUinwaltar. J. Am. ('hem. .SV.. 35. 14.34 (1913). 

•Shaw. 'J. Phys. Chem., 17. 162 (1913); cf. PhXnikolT. J. Hues. Phys. Chem. S(K., 


35 , 

42 , 


1589 (1910). 

J Eighlh Internal. Congress Appl. Chem.. 26, 609 (1912). 

*Z. anorg. Chem., 82. 357 (1913), cf. Partin«t«n, J. Chem. Soc., 99, 19.37 (1911) (HCl 
ethyl alcohol has a limitin* conductance when moisture is excluded). 

’• J. Am. Chem. Soc., 35. 1315 (1913); see the a<lmirahle discussion of the proUem 


in 

in 


Kraus, Electrically Conducting Systems. 1922. 

‘•2. physik. Chem., 90, 1 (1915); Snet Wage’s hypothesis has tx*en subjected to severe 

criticism by Dhar, Trans. Farad. Soc., 15, 81 (1919). 
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functions of the total concentration of electrolyte; (2) most organic bases and 
acids, which do not show this proportionality. For the first class, the ioniza- 
tion, it is stated, cannot be measured by the ratio of the conductances, but 
this ratio expresses the ratio of active to inactive molecules. The “ activation 
of a molecule is explained by the introduction of an electron into it, rendering 
it bipolar, but no division into free ions takes place. Snethlage’s view does 
not seem to afford much assistance in the study of solutions. It may also be 
noted that the interpretation of ionization phenomena from results in chemical 
kinetics (velocity of reaction) is a matter of great delicacy, and that conclusions 
drawn in this field must be accepted with some caution. 

Walden * found that the value of a = A/A* (A« obtained by extrapolation) 
is the same (0.666) for saturated solutions of NMeJ, NEtJ, and NPrJ in 
different solvents. 

The question of the applicability of the law of mass action to non-aqueous 
solutions has been fairly exhaustively studied.* In some cases the Ostwald 
dilution law is followed. Thus, solutions of ammonium formate in anhydrous 
formic acid obey the law in concentrated solutions; * fairly concentrated solu- 
tions of rosaniline hydrochloride in ethyl and methyl alcohols follow the law,^ 
although aqueous solutions do not. In other cases the Rudolphi dilution law 
(p. 660) can be applied,® The equation of Kraus and Bray (see p. 529) has been 
applied to non-aqueous solutions with some success. In many solutions in 
ammonia the law of mass action holds good, and the smaller the ionization of 
an electrolyte the higher is the total concentration up to which the law of mass 
action applies.® This, it may be noted, is in agreement with the theory pro- 
posed by the writer ’ that the deviations from the law of mass action are due 
to free ions. Kraus and Bray found that the limiting concentration of the 
ions of strong electrolytes up to which the mass law held was approximately 
the same for solutions of a given electrolyte in different solvents, and for 
different electrolytes (strong and weak) in the same solvent. This again 
points to the ions as the disturbing cause. 

The effect of the dielectric constant on the constants of the Kraus and 
Bray equation appears to be fairly regular. The equation has been tested 
in a number of oases,® and found to be satisfactory. The existence of a 

1 BuU. Acad. Sci. Petersb., 7, 427 (1913). 

*See the summary by Kraus, Electrically Conducting Systems, also Walden, Nicht- 
waseriger LCsungen, 1924. 

* Sohleainger and Calvert, J. .4m. Chem. Soc., 33, 1924 (1911). 

*H. 8. Davis, Tram*. Nova Scotia Imt. Sci., 13, 40 (1912); cf. Robertson and Aoree, 
J, Phy$. Chem., 19, 381 ^^915); Neale, Tram. Farad. Soc., 17, 505 (1922); Jones and Mahin, 
Z. phyeik, Chem., 69, 389 (1909); Schleeinger and Reed, J. Am. Chem. Soc., 41, 1921 (1919); 
Schlesinger and Martin, iMd., 36, 1589 (1914). 

» Roshdestwensky and Lewis, J. Chem. Soc., 99, 2138 (1911). . 

« Kraus and Bray, J. Am. Chem. Soc., 35, 1315 (1913). 

* Partington. J. Chem. Soc., 97, 1158 (1910). 

•Keyes and Winninghoff, J. Am. Chem. Soe„ 38, 1178 (1916); Darby, t5ul„ 40, 347 
(1918); Kraus and Kurti, tbtd., 44,2463 (1923); Kraus, Electrically Conducting Systems. 
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; -i^r***V ‘I*® heat of ioniiation of a gait haa the game value 

ni* . K “‘''®“‘«'.h“t this haa been contradicted by Dutoit and Aaton.« 
Afferent heata of lonuation would imply interaction with solvent. 

talculationa of the diameters of ions in non-aqueoua solvents have been 
made by W alden on the basis of the Stokes-Einstein equation (p. 552). For 
most lOM the radii lie between 2.0 X I0-* cm. and 3.9 X lO'* cm., although 
tbat of the H' ion is much smaller, l.I X 10-> cm.,< and that of the Li’ ion 
much larger 4.70 X lO'* cm. The ionic radii in non-aqueous soliitiona follow 
the same order as in aqueous solutions: H* < K* < Ag‘ < Na' < Li‘ and 
Br' < r < cr < N(y. The ionic and atomic radii are practically the same, 
except for H* and Li‘, in the case of aqueous solutions, but in iion-aqueous 
solutions the ionic radii are about twice ns great. With organic anions and 
kations the radii are about the same in water and other solvents, the mean 
value being about 4.4 X 10' * cm. 


Walden ‘ has put forward a rule by meaius of wdiich the ionization of a salt 
jn any solvent may be calculated from the dielectric constant 7) and viscosity 
V of the latter. This is a combination of he Ostwald-Uredig rule, and the 
relation 


= Aw -f b/v^ 

put forward by Lorenz.* These were combined with the relation 

K = 

found by Walden, in which dp is given by the Ostwald-Bredig rule: A,. * A. 
•f dp. Thence: 

(1 - a)Z>.r®«= 51.4/A,r;„ 

or, since is con.stant for many solutions (p. 591), it follows that: 

(I — a)/).?'®** = const., 

or, for the same solvent, 

(1 — a)e® ** ~ const. 

‘ Z. pAi/tii CAem., 59. 192 (1907). 

*/. CMm. PAt/E.. 6. 699 (1908); Walden. Z. pAv»tk. CAzm., 78, 257 (1912), fn»«ntfiin« 
his position. 

*Z. anorg. CAem., 113, 125 (1920). 

* This is in agreement with the theory of Lnpworth, see Lapworth and Fitigerald, /. 
CAem. Soc., 93, 2167 (1908); Lapworth and Partington. J. CAem. Soc., 97, 19 (1910), 

»Z. anorg. CAem., 115, 49 (1921). 

*Z. anorg. CAem., 108, 81, 191 (1919). 
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Thus, if the value of is known for a salt in any one solvent, the value of 
a in any other solvent at a given dilution may be calculated.* 

Solvation:^ The solvation hypothesis of Kohlrausch (p. 553)* has been 
extended to non-aqueous solutions.'* Snethlage * considers that a large value 
of Aco indicates large solvation. Jones, Davis and Putnam • found that salts 
hydrated in aqueous solutions show evidence of solvation in formamide. The 
temperature coefficient of conductance is abnormally large when solvation is 
present. The temperature coefficient of conductance of sodium salts in ethyl 
alcohol is equal to the temperature coefficient of fluidity ^ between 0° and 30°, 
in agreement with Kohlrausch's theory. 

Serkoff * pointed out that a compound such as lithium nitrate, the Li ion 
of which shows strong solvation, should exhibit a maximum conductance in 
mixtures of acetone and an alcohol, whilst potassium iodide should show no 
maximum. The salts KI, NaT and Lil showed no maximum, whilst LiCl did. 

An attempt to calculate solvation has been made by Walden,* who found 
that 


= const. = 11.15 (approx.) 

held for many binary salts, mainly iodides, in a number of non-aqueous solvents 
{M = molar weight). If these salts are regarded as normal, the degree of 
solvation of other salts can be calculated in a manner similar to that used by 
Ramsay for associated liquids, and with similar uncertainty. An Equation 
deduced by Herzog ** may be used for the same purpose: 

= const., 

where v = molar volume of salt. It gives practically the same results as 
Walden’s. 

Transport Numbers in Non-Aqueous Solutions: The method of determin- 
ing transport numbers is essentially the same for non-aqueous as for aqueous 
solutions. The resistance is usually greater, so that there is greater danger of 
heating and convection, and it has also been found" that the middle portion 
of the solution, which should remain unchanged in composition, is usually 

1 Relation Ix'twccn solvent power niul ionizing power: Walden, Z. Ekktrochem., 27, 
34 (1921). Snehnnov, J. Russ. Phi/s. Chrm. Soc., 47, 849, 859 (1915), considers that the 
ionization of a salt tends to a definite limit Jis the concentration increases, 

*Cf. Muller, Ahrem.Sammlung, 27, 292 (1923). 

*Proc. Roy. Soc., Tl, 338 (1903) 

♦Jones and Carroll, Am. Chem. J.. 32, 521 (1904); Jones, ihtd., 41, 19 (1909). 

*Z. physik. Chem., 90, 1 (1916). 

• J. Franklin Imt., 180, 667 (1915). 

^ Bhattacharyya and Dhar, Proc. K. Akad. Wetcnsch. AintiL, 18, 373 (1915). 

» J. Rtm. Phya. Chem. Soc., 42, 1 (1910); Chrm. Soc. Aha., 1910, 98, (ii), 177. 

* Z, Elektrochem., 26, 65 (1920); cf. Creighton, J. Franklin Inst., 189, 641 (1920). 

«Z. Elektrochem., 16, 1003 (1910). 

" Cf. Schlundt, Getman and Gibbons (refs, below). 
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situated near one of the electrodes, e.R., in the case of pyridine and acetonitrile 
solutions of silver nitrate, near the anode.‘ 

The following table gives the transport niiml>ers of the kntwu in solutions 
of silver nitrate according to the measurements of Schlundt,* Mather* and 
Campetti.* 

TABLE XIV 


Trakspobt Numbebs or Katio.v ix .'Silver Nitrate Solutions 



Solvent 

1 


Volume in liters iwr mol. .\gNOi 


t 

7) 

0.42 

1 

2 

4 

10 

16 

.35 

40 


Water ... 

HI 

0 .532 

..500 

.4.H,3 

.47,3 




.475 

IS** 

.\cetonitrilc 

35.8 

— 

.3M 

-- 

.422 

.448 

- 

,473 


1.5° 

Methyl alcohol 

33 

__ 

“ 

- 

-- 

- 

.533 



20° 

Ethyl alcohol 

26 1 

_ 

-- 



.405 

.490 



22° 

Pyridine 

12.4 


.326 

,342 


..390 



.410 


Sachanov and Grinbaum ‘ used aniline {!) = 6.85) and mixtures of aniline 
and pyridine (D = 8.0 and 0.7) with silver nitrate The transport ntimber of 
silver dimini.shed with increa.sing concentration for AgNOj in jiyriiline, aceto- 
nitrile, and the mixtures of aniline and pyridine, and for a given concentration 
was smaller the smaller was />. In aniline, the transport number increased 
with dilution, which may be connected with the formation of complex anions, 
of the type AgfNOj)/, and also complex kations. Krumreich * determined the 
transport numbers of AgXOj (0.01 a.) in mixtures of alcohol and water, liy 
the direct method. The value of the transport nuinlKT of the kation increased 
with the alcohol content up to about 30 per cent alcohol, and then decreased 
(at 40’’ C. with water, 0.4820; with 90.S per cent alcohol, 0.4100). No secondary 
efFect.s were noted, whereas (’arrara' states that these occur. 

Kriiger " concluded, on theoretical grounds, that the transjiort numlKJrs of a 
given pair of ions should tend to the same value in all non-associatcd solvents. 

* Methods of dclerniin.it lofi, see, e.R , Hitlorf. Ann. Fhy«ik, 106, .'>51 (lSk,59); f.uniimtti, 
A'uoro Cim., 35, 223 (ISW); Mtithor. Am (’fnni. J, 26, 47U (15H)lj, .’N-hhindt, Phyii. 
Chem 6 159 ll902); rietiiiiin and (JihlKinM, ./ Am. ('hem. Sor . 36, KMO (1914): Sarhanov 
and Grinbaum. J. /fim. Phy,. Chnn. Soc . 47. 1799 (1916); C. A., 10. 2H22 (191(1). Kmmreirh, 
Z Elektrochem. 22, 446 (1916), Frye* tiiid T«»lloc*ko. Fr^iwhnjl Lnrr, Lvmtnry, 1, I (1912); 
Chem. Soc. Ahdr., ii. HHO (1913), Saehanov. J Phyn. Chem . 21. 169 (1917), SehleHiiwir and 
Bunting. J. Am. Cfu'm. Soc.. 41, 19.34 (1919). Franklin and Cady, ihui., 26. 499 (1904); 
Campetti, Jahrb. Elektrochem., 1. 22 (1K95). Lupworth and PartinKtim, J. Chem. Soc., W, 
1417 (1911).' 8t*<* Mtiller, Ahrem Sammiuny, 27, 2M) (192.1). 

*y. Phyii. Chem., 6, 159 (1902). 

* Loc, cU 

* Loc. cit. 

»y. Rm». Phys. Chem. Stk., 47. 1769 (1915). C. A., 10, 2H22 (1916). 

*Z. Elektrochem.. 22, 446 (1916). 

^ Gazz. 33, 241 (l(K).'l); for rritieiani of f'arrani'a ifHults »ee Lapworlh and Part inKton, 
J. Chem. Soc.' 99. 1417 (1911). 

»Z. Elektrochem., 22. 445 (1916). 
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In associated solvents, and when solvation occurs, the values differ. He 
remarks that in dilute solutions the transport numbers of silver nitrate are 
practically independent of the nature of the solvent.* KrOger believes that 
the effect of the solvent may be covered, in the simple case, by its viscosity: 
U1J » Cl and vri = cj, where u and v are the mobilities and Ci, Ca are constants. 

The assumption that ions with large transport numbers are those common 
to solute and solvent * is probably true only in exceptional cases.* 

Lapworth and Partington * determined the transport number of the CP 
ion in alcoholic hydrochloric acid solution by measuring the electrode 
potentials of mercury and silver, the formula on p. 554 being applied. 
The value 0.37 at 25® C. was found, compared with 0.16 for aqueous solutions 
at the same temperature. The experiments of Lapworth and Hardman * con- 
firm this value. The transport numbers of most ions, but not H*, have the 
same value in alcohol as in water.* 

Conductance in Mixed Solvents: Many measurements of conductance have 
been made ’ in mixed solvents, but the results are not easy to interpret. Several 
measurements with mixtures of water and alcohol are available.* The con- 
ductance of such solutions is lower than that in pure alcohol, and in some cases 
the conductivity curve exhibits a minimum for a certain mixture which corre- 
sponds with the maximum viscosity. 

In mixed solvents containing acetone • the relations are complex. 

Goldschmidt {loc. cit.) found that addition of water to alcoholic hydrogen 
chloride, lithium chloride, sodium chloride, etc., depressed A* rapidly at first, 

‘ Saohanov, J. Phya. Chem., 21, 169 (1917). 

*Fryc* and Tollocako, Featachrift Unit, Lemberg, 1, 1 (1912); Chem. Soc. Abatr., ii, 380 
(1913). 

•Walden, Z. EUkirochem., 26, 72 (1920). 

•7. Chem. Soc., 99, 1417 (1911). 

•7. Chem. Soc., 99, 2242 (1911); 101, 2249 (1912). 

•Cf. Newbery, 7. Chem. Soc., 107, 1520 (1915), where other references are given. 

’ See Jones and co-workers in Am. Chem. 7. from 1900 onwards; Carnegie Inat. Reports, 
No. 80 (1907), No. 180 (1913), No. 230 (1915). 

*Zelinski and Krapiwin, Z. phyaik. Chem., 21, 35 (1896); Serkoff, 7. Ruaa. Phya. Chem. 
Soc., 40, 399 (1908): 41, 1 (1909); 4, 1921 (1910); Hagglund, Arkiv. Kern. Min. Geol., 4. 
No. 11, 1 (1911): Goldschmidt and oo-workers, Z. phyaik. Chem., 89, 129 (1915); 91, 46 
(1916); Z. EUktrochem., 19, 226 (1913); 20, 473 (1914); 22, 11 (1916); Jones, Wightman, 
Davis and Holmes, 7. Chim. Phya., 12, 385 (1914); Kremann and Brassert, MontUah., 31, 
195 (1910): Kroider and Jones, Am, Chem. J., 45, 282 (1911); Dorochevski and Dvorshont- 
schik, 7. Rnaa. Phya. Chem. Soc., 46, 1676 (1914); C. A., 9, 2178 (1915), who tested dilution 
formuliB of Lem, Beibl.,^% 399 (1887), Arrhenius. Z. phyaik. Chem., 9, 487 (1892), and Wake- 
man, ibid., 11, 49 (1893), and found the equation A «■ A - a/'^r to apply within narrow 
limits; Jones and Lindsay, Am. Chem. J., 28, 329 (1902). 

•Serkoff, loc. eit.; Fisohler, Z. EUkirochem., 19, 126 (1913); Jones and Mahin, Afn. 
Chem. J., 41, 433 (1909); Z. phyaik. Chem., 69, 389 (1909); Davis, Hughes and Jones, Z. 
phyaik. Chem., 85, 513 ( 1913) . Solutions containing glycerol : Piasariewski and Shapovalenko, 
7. Ruaa. Phya. Chem. Soe., 42, 905 (1910); C. A., 6, 318 (1912); Guy and Jones, Am. Chem, J., 
46, 131 (1911); Davis, Putnam and Jones, Z. phyaik. Chem., 90, 481 (1915). Formamide 
and alcohol: Davis and Johnwn, Carnegie Inat. Pub., 260, 71 (1918). Pyridine and water: 
Ghosh, 7. Chem. Soc., 117, 1390 (1920). 
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then more slowly as more water was added, until the water was present In 2 it 
concentration, when the conductance increased on further addition. All acids 
which are slightly ionized in alcohol are affected in this way on addition of 
water. 

The results of all investigators show that the effect -of changing viscosity 
on mixing solvents is important in affecting the conductance, but no general 
conclusions can, apparently, be draw'n. In acetone solutions, for example, 
no parallelism exists between conductance and viscosity curves,’ whilst in 
solutions containing glycerol a marked parallelism w’as found.* In some 
cases, when the added non-electrolyte forms a stable complex with one of the 
ions, there is a decrease in viscosity.* When combination ceases, there may 
then be an increase in viscosity on further addition of non-electrolyte.’ 

' Serkoflf, loc. cii. 

* Guy and Jones, loc. at. 

* Blanchard, J. Am. Chcni. Hoc., 26, 1315 (1U04). 

^ Kraus, Klectrically C'anductiiig Systems, 1922, p. 119, who concludes that the con- 
ductance chanRc is more nearly proi)ortional to the fluidity clmnao the siniillcr the molecule* 
of the added non-electrolyte. 
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331. 

Debye’s, Heat Capacity Equation, 1151- 
1153. 

and Httckol’s Theory, 748, 760-765. 

Low Temperature Heat Capacity Relation- 
ship, 1152. 

Theory of Solution of Electrolytes, 280, 
281. 

Deoomposition, of Formic Acid, Catalytic, 

965, 

of Hydrogen Iodide, Equilibria, 322. 
of Osone, Catalytic; 1237. 
of ^lids, Mechanism, 981. 982. 


of Tertiary Alcohols, Equilibria, 335, 337. 
Decomposition Potentials, 806, 808. 
Degeneration of Gases, 1196-1201. 

Degree of Dissociation, “Corrected,” 758. 
Degree of Freedom, of Gas Molecule, 84-87. 
in Phase Rule, 372-373. 
in Statistical Mechanics, 1169, 1170. 
Density of Ice, 189, 190. 

Deposits, Nature of Metallic, 811. 

Desiccating Agents, Salts as, 435. 
Desilverization of Lead, 443. 

Deviations, from Henry’s Law, 345-352. 
from Ideal Gas Laws, Molecular Attraction 
Effect, 102. 

Volume Effect, 100, 101. 

Devitrification, 949. 

Dialysis, 1304. 

Diamond, Crystal Structure of, 164, 165. 

Graphite Transition, 390. 

Diatomic Gases, Entropy of, 1186-1191. 
Quantum Theory and Rotational Energy 
of. 1187, 1888-1190. 

Diatomic Molecules, Moment of Inertia, 

1191. 

Dibasic Acid Esters, Hydrolysis, 880, 881. 
Dielectric Constant, and Conductance, 593- 
697. 

and Density, 696. 
and Ionization, 659, 584, 586, 593. 
Measurement of, 694. 
and Polarity, 136. 
and Pressure, 636, 695. 
and Refractive Index, 596. 
of Solutions, Formulae, 594. 
and Temperature, 595. 

Differential, Properties of Complete, 39. 
Diffusion, Coefficient, 934-938. 

Coefficient for Salt Solutions, 938, 
in Colloidal Solutions, 1281, 1282, 1283, 
1284. 

of Electrolytes, 664, 555, 936, 937, 1004. 

Fick’s Law of, 936. 

of Gases through Capillaries, 75, 76. 

Laws of, 934. 

of Lyophile Colloids, 1315, 1316. 
and Molecular Motion, 940-942. 
and Particle Size, 1284. ‘ 

and Stokes-Einstein Law, 942. 
and Temperature, 935, 936, 938-940. 
Theory of Heterogeneous Reaction Ve- 
locity, 944, 945. 946, 962, 963, 984. 
Thermal, 77. 78. ' 

Dilatometer Measurements, 393. 

Dilute Solutions,' Experimental Study of, 
247-268. 

Laws of, 231-290. 

Thermodynamics of, 260-281. 

Dilution, Effect on Equilibrium of, 315, 316. 
Heat of, 217. 

Law, Empirical, 660, 661, 562. 

Law, Ostwald’s, 611, 555, 556, 775, 776. 
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Law, Modifications of Ostwald’s, 557, 558, 
559. ‘ 

Dimorphism, 4. 

Disperso Phase. 1277, 1278. 

Dispersion Medium, 1277. 

Displacement, Determination of End Points 
by Conductance, 854, 857, 858. 

Laws, 1347, 1348. 

Dissociation, of Carbon Dioxide, Equilibriunt 
^in. 325, 326. 

Complete Ionic, 509, 531, 532. .563-567, 

759. 

Corrected Degree of, 758. 

Effect on Distribution Law, 346, 348, 349. 
355-358. 

Electrolytic, of Water, 824 825. 
of Gases, 95, 96, 321-333. 
of Nitrogen Dioxide, 325, 328. 
of Nitrogen Tetroxide. 325, 327, 328. 
of Silver Oxide, Free Energj' of, 339. 340. 
Mechanism, 982. 

of Solids, Mechanism of, 981, 982. 
of Srilphur Trioxide, Equihi>ria, 325, .330, 
331. 

of Ternary Electrolytes, 549-.551. 

Theory of Electrolytic, 508 -511. 

and .Activity, 757-760. 
of Water Vapor, Equilil)ria, 325, 326, 327, 
372. 

Distance between .Atoms in Sodium Chloride, 
159. 

Dittributmn and .Adsorption, .360, .361. 
and Compound Formation, 359. 

Influence of .Association on, 3t6. 348. .3.5.5- 
358. 

of Dissociation on, 346, 348, 319, .355- 
358. 

Law, 238, 239, 34.3-367. 

Correction for Dissociation, 31H. 
for Gases. Maxwell's. 78 -S2. 

Limited .Applicability of. 3<>t. 
for Molecules of the Individual .'^jstem, 
1171-1176. 

for Monatomic Gases, 1172. 
in Liquid-Liquid Systems, .352-.36t. 
in Miscellaneous ISystems, 36.5-367. 
of Particles in C^dloidal Solutions, 1281. 
in Solid-Lj^juid Systems, .3»34-365. 

Ratio, and Solubility, .3.54. 

Temperature Coeflicients, 363, 364. 
Study of Hydrolysi.s by, 359. 

Velocity of, 966, 

D^reiner’s Triads. 5. 

Donnan's Membrane Equilibrium, 283 29U. 
and Colloids, 1319. 

Drop Weight Methcxl of Surface Tension 
Measurement, 126. 

Drude’s Theory of Metallic Conduction, 489, 
490. 

Dry Liquids, 232, 

DiiloDg and Petit’s Law, 1018. 

Theoretical Basis, 1149. 


Dynamic Equilibrium in Liquids, ,386. 

Dyne, Definition, 34. 

Dyslectics, 421, 422. 

E. 

Earth's Crust, Temperature of, and Radio> 
activity. 1323. 

Echelette Grating, 1255. 

Effective Nuclear Charge, 1115, 1119, 
EflUorescemxs MechnniMii of, 981. 

Einstein’s Derivation of Plank’s I^w, 1024- 
1028. 

Einstein Heat C.npacifv Equation, 1146- 
1150. 1153. 

l)evintion.s fnmi. 1149, 1150. 

Integration «if. 1157. 

Einstein’s Photochemical Ijjw, 1210, 1211, 
1212. 1214, 1215, 1216, 1217. 1222, 1223, 
1227, 1228, 1230, 1231. 1233. 1271, 1356. 
Electrical Comluctivity, Experimenbil, 514- 
521. 

Electricjil Encrg.v, Measurement of, 469 4M. 
Electrical Work, 705, 708. 

Electricity, Frirliona), 485, 486. 

Volfai<*, 4.H.5, 486. 

Electro-affinity, 864. 

-AU'gg and Ihslliuider's Theory, 454. 
Electrochemistry of Solutions. 701 822, 
Electrode. Caloim-i, 797, 799, 829. 
Equilibrium. .Suit’s Theory, 805. 
Hydrogen. 829. 

Potentials and .Atomic NumlxTs, 803, 804. 
Potentials, Conventions and Nomenclatura, 
796. 797. 

Potentials and Ecjuilibrium Constant, 800, 
BOl. 

Potentials Standard. 701, 795^-801. 
Process's, 'PhfHjry of, 803-806. 

Processes, Velocity of, and DvervolUige, 

816 817. 

Sj stems, Esc in Analysis of Hi-melallic, 

850. 951. 

Elect nMlynamomeler. 473. 474, 476. 

Elect rok i net le Phenomena, 1295 1299. 

Potential, 1295 1299. 

Electrolysis. Historical. 485, 486. 

FaraiJay's fjiws of, 5, 470, 5(X), 501, 506, 
567. 

of Fusctl .Salta, 500-504. 

Nomenclature, 505, 506. 

and Polarization Phenomena, 806-822. 

Theories of, 504, 505. 

Electrolytes, Amphoteric, 577, 578. 

Diffusion of. 554, 655. 

S<»lubility in Water, 454-462. 
ThermiMihcmistry of, 218-220. 

Electrolytic Diaaociation, and Activity, 757- 
760. 

Measurement by Distribution, 368. 
Theory of. 508-611. 

Elcctndytic Solution Preasure, 804. 
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Electrolytic Solutions, Debye's Theory of, 
280, 281. 

Electrometric, Control of Re&ctions, 860-M3. 
Methods in Analytical Chemistry, 823- 
M3. 

Recording of Reactions, 860-863. 
Titrations, 842-8S4. 

Electromotive Force, Data and Activity 
Coefficients, 736, 737, 741-743. 
and Free Energy Increase, 338. 
by Induction, 816. 

Ionic Product from, 800. 

Measurement of, 476-483, 830, 

Nernst's Osmotic Theory, 701, 804. 
and Pr^Mure, 801, 802. 

Replacement Equilibrium from, 801. 
Solubility Product from, 800. 
Thermodynamics and, 701. 
of Various Cell Reactions, 70S, 706. 
Electron, 12, 607. 

Arrangement in Atoms, 1062-1067. 

Change of Mass with Velocity, 20, 1326. 
Charge on, 16, 16, 17, 18, 19, 607, 608. ‘ 
as Current Carrier, 489. 

Ejection by X-rays, 1006-1007. 

Emisslbn and Temperature, 1193, 1194. 
Extra-nuclear, 30, 31. 

Gas, Entropy of, 1192-1196. 

Heat of Evaporation of, 227-229. 

Mass of, 20. 

Motion of, in Conductors and Non-conduc- 
tors, 487. 

Orbits in Argon Atom, 1125-1126. 
in Carbon Atom, 112S. 
in Copper At<^, 1126-1127. 
in Helium Atom, 1124. 
in Hydrogen Atom, 1093. 
in Krypton Atom, 1127. 
in lithium Atom, 1124. 
in Neon Atom, 1125. 
in Potassium Atom, 1121-1122. 
in Sodium Atom, 1125-1126. 
in Xenon Atom, 1127. 

Properties of, 13. 

RaUo of Charge to Mass for, 13, 14. 

** Classen’s Method, 28. 

Siseof, 21. 

Theory of Matter and Infra Red Absorp- 
tion, 1268, 1269. 

Tubes for Industrial Octroi, 861. 

Vdootty and X-ray Frequency, 1007-1008. 
Electrostatic Forces between Ions, 281. 
Electroetriction, 636. 

Elements, Crystal Structure of, 163, 164. 
EUipUo Orbits, Effect of, 1091-1094. 
Emulsoids, 1303. 

Enantiotropism, 168, 390. 

Endosmoee. 1295, 1297, 1298. 

Endothermic Reactions, 40, 43, 179. 
End-Points, Potentiometrio Study of, 847- 
851. 

Energetics, First Law, 34-^. 


of Photochemical Processes, 1209-1231. 
Second Law of, 63-63. 

Energy, 33, 34. 

Conservation of, 36, 37, 38. 

Convertibility of, 33. 

Critical Increment of, 902-904. 

, Definition of, 34. 

Density and Radiation Pressure, 1015, 
Diagram for Hydrogen, 1087, 1089, 1104. 
Distribution in Spectrum, 1013. 

Emission of Radioactive Bodies, 1323. 
Equipartition of, 84, 88, 1017, 1019, 1167, 
1176. 

Internal, 37, 38, 39. 

Intra-atomic, Utilization of, 1322, 1323. 
Unit. 34. 

Variation, Direction of, 43, 63, 64. 
Independence of Path, 37. 

Ensemble of Systems, 1170. 

Entropy, 69-63, 707. 
at Absolute Zero, 1137. 

Change, in Ideal Gas, 61, 62. 

in Irreversible Processes, 62, 63. 
as Definite Positive Quantity, 1138. 
of Diatomic Gases, 1186-1191. 
of Electron Gas, 1192-1196. 

Empirical Calculation by Third Law, 
1156-1158. 

Frequency, and Atomic Weight, 1158- 
1160. 

of Fusion for Glycerol, 1142. • 

and Gas Constant, 1178. 
of Metals, 1159. 

of Monatomic Gases, 1181-1186. 
and Probability, 1176-1181. 
of Solutions, 1141-1142. 
of Supercooled Liquids, 1142-1143. 
of Vaporization and Probability, 1178. 
Enzyme Action, 952, 953, 954, 957-959, 962, 
964. 

Enzymes, Hydrolysis at Surface of, 957-959. 
Equation of State, Berthelot's, 113. 
Clausius’, 113. 

Dieterici’s, 113. 

Keyes’, 113. 

Equilibrium, Alcohol-Acetic Acid, 292, 333, 
334. t 

Calculation of, 320, 321, 339-341. 
and Catalyst, 878. 

Condition of, in Poly-Component Systems, 
733. 

Constant, 292, 294, 298, 300, 301. % . 

and Activity, 7^27, 728. 
and Eleotrodcr Potentials, 800, 801. 
and Pressure, 301, 311-316. 

Relations betwem, 301, 302. 
and Temperature, 307-311. 

Data, MaUtematiod Treatment of, 838- 
341. 

Definition of Heterogeneous, 343. 
and Distribution Law, 369, 360. 
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Ddiuum's Memttttuie, 283-290. 

Dyxifunlo, 292, 293. 

Effeot of Catalyst on, 318, 319, 878. 

Effeet of Dilution on, 315, 316. 

Effect of Solvent on, 336-338. 
in Electrolytes, 555. 
in Esterification, 292, 333, 334, 335. 

False, 376, 992. 

and Free Energy Change, 339, 713. 
Qaa>Liquid, of Two Components, 396-398. 
Gas-Solid, Thermodynamics of, 463-467. 

Two Component, 433-437. 
in High Preanire Gas Reactions, 332. 
Homogeneous, 291-341. 
and Hydration, 776. 

Influence of Association on, 337. 

Influence of Pressure on, 301, 311-315. 
Liquid-Liquid, 398-406. 
in Liquid Phase, Effect of Pressure on, 
312, 313. 

Measurement of, 319, 320.. 

Phase Rule. 369, 370. 

Photochemical, 1237, 1239. 

Radioactive, 1322. 

Replacement, from E. M. F. Data, 801. 
Solid-Liquid, 407-433. 

Solid-Solid, Two Component, 437-440. 
Study by Distribution Experiments, 369. 
of Sulphur, 385. 

Tautomeric, 836. 

and Thermodynamics, 66, 67, 294-296, 
• 299. 

Heterogeneous, 402-468. 
and Third Law, 340, 341. 
in Two Phases, 462. 

Equipartition of Energy, 84, 80, 1017-1019, 
1167-1176. 

Erg, Definition of, 34. 

Ester Hydrolysis. 879. 883. 884. 
Esterification, Catalytic, 927-929. 

Equilibria, 292, 333, 334, 335, 
Goldschmidt’s Theory, 917. 

Eutectic Halt, Duration of, and Nature of 
SoUd Phase, 432. 

Eutectic Point, 409, 410. 

Eutectics, 410, 412. 

Eutectoid, 439. 

Evaporation^of Electrons, Heat of, 227-229. 
Velocity of, 970-974, 

Excitation of Mercury Atoms by Light. 1236. 
Excited Atoms, and Resonance Radiation. 

1109-1111. 

E^ted State of Atoms, 1103, H09-1111. 
B^mthermio Reactions, 40, 43, 179. 
Expansion, Coefficient of, in OU I-ilme, 139. 
of Gas, Free Energy Change on, 57, 295. 

Temperature Change on, 101. 
of Ideal Gas. Adiabatic, 50, 51, 52. 

Isothermal, 49, 50. 51, 52, 56, 104. 

<rf Solids, Thermal, 170. 171, 172. 
Explosion Method for Specific Heats of Gases, 
200 , 201 . 


Extraction. Theorj' of, 301-<3d3. 

F. 

Ftdse Equilibrium, 376, 992. 

Faraday. Value of the, 19, 471, 600. 

Faraday's, Laws of Electrob'sis, 5, 470, 500, 
601,506. 

Theory of Electrolysit. 505, 606. 

Ferric Chloride-Water, Phase Relationiddps, 
422. 4-23. 

Pick’s Law of Diffusion, 936. 

Fine Structure of Hydrogen Unee, 1091, 
1092. 

First Order Reactions, 866, 867, 868, 875. 905. 

Flocculation. 1307-1313. 

Flowing Junction in Potential Measurements, 
788. 

Fluorescence, Differentiation from Tyndall 
Effect. 1306. 
from Radiation, 1352. 

Formic Acid, Catalytic Decompoeition, 965. 
Conductance in, 588. 

Four and Five ConuK>ueut Sysients, 451, 452. 

FractioniU Crystalliiation, 433. 

Free Ener»', 63-67, 708, 713. 
and Actirity, 730. 

Change, 43. 

in Cell Reactions, 710-712. 
in Dilution, 296. 
and Electrical Work, 708. 
and Equilibrium, 713. 
in Gaseous Expansion, 57, 295. 
of Perfect Gas, 729. 
of Perfect Solute. 729. 

Data and Equilibrium. 339- 341. 
of Dissociation, of Oxides, 339, 340, 
of Formation of Water, 339-341, 

Increase, and Activity, 299. 
and ('hcinical Reaction, 30.3-307. 
and Electromotive Force, 338. 

Partial, and Relative Activity, 727. 

Partial Molal, 714, 715, 720. 
in Acid-Salt Mixtures, 723-724. 
and Concentration, 724-726, 
of Reactions in Condensed and VapOr 
Phases, Comparison of, 1134, 1135. 
Variation, with Pressure, 64, 66. 
with Temperature, 65, 310. 

Free Path, Mean, 87-91. 93, 101. 

Freedom. Degrees of, in Statistical Mechan- 
ics. 1169, 1170, 

Freexing Point, of Binary Mixtures, 407 , 4(B. 
Lowering, 241-243, 247, 264-266. 
and Activity Coefficient*. 737-741. 
and Osmotic Pressure, 277. 
of Solid Solutions. 426. 

Frictional Electricity, Nature of, 486, 486. 

Fugacity. 726. 749. 

Fused ^ts, Electrolysis of, 600-504. 

Heat Capacity of, 204. 

Migration Ratio in, 549. 
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ViscoBities of, 603. 

Fusion, Heat of, 105. 

G. 

Galvanic Colls, 701, 702-707. 

ThennodynainicB of, 707-715. 
Gamma-Rays, 1326-1328. 

Analysis by, of Crystal Lattices, 1327. 
Ionisation by, 1328. 

Gas Analysis, Automatic, 861-863. 

Gas Constant, R, 71, 72. 

Value of, 30. 

Gas Degeneration, 1196-1201. 

Gas Ions, Heat of Hydration, 226-227. 

Gas Law, Effect of Gravity on, 82. 
Gas-Liquid Reactions, Thermodynamics of, 
467. 

Gas Mixtures, 104, 106, 106. 

Volume of, 97. 

Gas Molecules, Velocity of, 70. 

Gas Reactions, Photo-Equilibria, 1239. 
Photosensitisation of, 1232, 1236. 
on Solid Catalysts, 983-991. 

Gaseous, Collisions, Persistence of Motion 
with, 103, 104. 

Dissociation, 96, 90. 

Equilibria, Homogeneoiis, 321-333. 
in High Pressure Systems, 332, 333. 
in Reactions with Volume Change, 325- 
333. 

in Reactions without Volume Change, 
321-326. 

Pressure, Analogy with Osmotic, 269-271. 
Reactions, Free Energy Increase in, 304- 
307. 

State, Definition, 69. 

Solutions, 234. 

Gases, Diffusion of, 934-936. 

Heat Capacity of, 83-87, 198-204. 
Ionisation of, 12, 13. 

Laws of Ideal, 69, 70, 71, 72. 

Solubility in Liquids, 344-362. 

Solubility in Metals, 366. 

Specific Heat of, 83-87. 

Velocity of Solution of, 992, 995-1004. 
Gay-Lussac's Law, 69. 

Geiger-Nuttall Relation, 1349. 

Generalised Space, Concept of, 1168, 1169. 
Generalised Theory of Valency, 1076-1079. 
Geology, Radioaoti\ity iq,. 1357-1359. 
Qhocdi's Theory of Eldcirolytes, 563-666, 
760, 761. 

Gibbs' Adsorption Law, 1302. 
Qibbs-Hdmholts Equation, 66, 66, 307, 709, 
710. 

Gibbs' Thermodynamic Methods, 701, 702. 
Glass, Conductivity of, 407-600. 

Graham's Law of Gaseous Diffusion, 934. 
Graphite, Crystal Structure of, 82, 83. 
‘Diamond Transition, 390. 

Heat Capacity of, 1156. 

Gratings for Infra Red Measurements, 1255. 


Gravity, and Distribution of Particles^ 1280f 
1281. 

Effect of. on Gas Law, 82, 83. 

Grotrian Diagram for Energy Density, 1105, 
1106. 

Orotthus-Draper Law of Photochemistry, 
1206, 1207. 

Grotthus’ Theory of Electrolysis, 502, 604. 


H. 

Half-Life Period of Elements, 1322. 

Half Value Layer for /J-particles, 1326. 
Haloes, Pleochroic, 1358. 

Halogen Organic Compounds, Reaction 
Velocity with, 929-931. 

Harmonic Oscillators, Entropy and Proba- 
bility in System of, 1179-1181. 

Heat, of Adsorption, 189, 220-223. 
and Catalysis, 991. 

Variation with Pressure, 222. 
of Coagulation of Colloids, 224. 
of Combustion, 207-212. 
of Dilution, 217, 219. 
of Dissociation of Hydrogen, 1191, 1192. 
of Evaporation of Electrons, 227-229. 
of Formation, 191, 192, 208. 
of Fusion, 195. 

of Hydration of Gas Ions, 225-227. 
of Ionization of Water, 573. 

Mechanical Equivalent of 34, 35, 36. 
of Neutralization, 219, 220, 510. 
of Reaction, 40, 41. 

(Constancy of, 41. 
at Constant Pressure, 180. 
at Constant Volume, 180. 
and Temperature, 41, 42, 192-194. 
of Solution, 212, 218. 
at Saturation, 409. 
and Solubility, 409. 
of Transition, 195, 108. 
of Vaporization, 109, 195, 196, 197. 
of Wetting. 223, 224. 

Heat Capacity, of Alkali Metals, Abnormal, 
1154, 1194, 1195. 
of Calorimeters, 186. 
at Constant Pressure, 40, 193. 
at Constant Volume, 40, 41. 
and Crystal Structure, 1155, 1 156, 1166. 
Curve, Characteristic, 1144, 1145. 

Curves of Irregular Types, 1154-1156. 
of Diatomic Gases, Quantum Theory, 
1187, 1188-1190. 

Einstein Equation, 1146-1150, 1153. 

Equation, Debye's, 1151-1153. 

of Fused Salts. 204. 

of Gases, 198-204. 

and Isotopes, 1156. 

of Liquids, 146, 146, 1160. 

at Low Temperatures, 1143. 

Debye’s Equation, 1152. 
of Monatomic Solids, 1144-1146. 
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Nernst-Lindemann Equation, 1150-1151. 
of SoUds. 172-175. 

Theoretical Equations, 1146-1154. 
of Solute, Partial, 739. 

Variation with Temperature, 174, 175, 194. 
Relation of Cp to C„ 48, 49, 198, 199. 
Heat Conductivity of Gases, 91-93. 

Heat, Content, 39, 709. 

Change in Cell Reactions, 710-712. 

Partial Molal. 714, 715. 
in Acid Salt Mixtures, 723-724. 
from Calorimetric Data, 718-720. 
Relative Partial Molal, 720-726. 
Calculation, 721-723. 

Heat Theorem, Nernst, 1132. 

Helium, Atom, 1124. 

Heat Capacity at Low Temperatures. 84. 
Spectrum, 1 108. 

Henderson-Planck Formulae for Liquid 
Junction Potentials, 786. 

Henry’s Law. 237, 238, 344-352. 

Deviations from, 345-352. 

Hertzian Waves, 1253. 

Hess’s Law, 41, 190, 192, 193. 

Hetero-ionic Solutions, 772. 

Heterogeneous, Equilibrium, 343-468. 
Definition, 343. 

Thermodynamics of, 462-468. 

Variation with Temperature. 463, 464. 
Heterogeneous Reaction Velocit>. Nernst s 
theory, 944, 954. 962, 963. 984. 
Heterogeneous Systenis, Heaetiou \elo(Uy 
in. 933-1004. 

Hexagonal System of Crysdil Strurture. Ibl. 
162. 

Hittorf’s Theory of Elect rolysi.s, 502, 503. 
Transport Number Determination. .>43. 
544-546. 

Homo-ionic Solutions, 772. 

Homogeneous Catalysis and .\ctlVltle^, 


Homogeneous Displacement of t 'olloid 1 ar- 
ticles, 1282. 

Homogeneous Equihbrium, 29D341. 
Definition, 343. 
in Gases, 321-333. 
in Liquid^ 333-338, 

Hydrated Salts, Method of Preparation. 4J). 

Hydration, of Anhydrides, Velocity of, »7I. 
and Equilibrium Constant, 776. 
of Gas Ions, Heat of, 225- 22>. 


Ions, 561, 552, 666, 567. ^ 

Transport Numl>er and, .551, 552. 
Values from Activity Data, 777 779. 
from Transference Data, 778. 

Hydride Theory of CR-ervoltage. 816. 
Hydrocarbon Molecules, Structure of. 1071. 
HydrocWotic Acid. ActiWty C^>efficicntH, 


/w, fsi. 

in Chloride Solutions, 76^772. 
Oxidation, Equilibiia, 325, .1^11. 


Partial Molal Free Euerg>'. 721. 

Partial Molal Heat Content, 721. 

Relative Partial Molal Heat Content, 722- 
723. 

Hydrogel. 1278. 

Hydrogen, Atom, Bohr’s Theory of, 1087- 
1090. 

Electron Orbits in, 1093. 

Bromide, Photo-lVconqKisition, 1213- 
1216, 1218. 

Chloride. Activity in Hydrochloric Acid, 
750. 751. 

Chlorine Combination, 1208, 1209, 1212, 
1218-1230. 

Energetics. 1212, 1222, 1223. 

Kinetics. 1220 1222. 

Mechanism, 1223 1230. 

Electrode, 820. 

!it High Hydrogen Pressures, 802. 
in Indicator Choice, 841. 
as Hcfcrence, 797. 

Variation with Pressure, 802. 

Heat {'apm ity of. at Isiw Temperatures, 
8(>. S7. 

Heat of Dissocmtioii, Calculation, 1191- 
1192. 

bxlide, Decoinposition and Forinatioii, 
Equilibrium in, 322. 
Photo-Deconiposition, 1213- 1216, 1218. 
Ion, ActiMtics. 791. 794. 

CalalvMs. 914 917. 

( oiiceiitratioii. Indicator Method of 
Mcasurcinent, 841. 

.Mcasuiemeiit, 823 835. 

Recording. 860. 861. 

Exponent Scale, 825. 

Non-H.sdratisl, as Ciitalysl, 915, 916, 
Q17. 

Hntio of c III for, 1 1. 
l.ines, Eino Struciure of, 1091, 1092. 
Molecnle, Mass of, 29. 

Monatomic and Ovcrxoltage. 816, 
(hervoltage, 811 817. 

Oxidation, ('atalyfic, 988, 989. 

Peroxide, Catalytic Decomposition, 961- 
964. 

En»>me Decomposition, 963. 

Sijectmm, 1081. 

Hv<lrogenation. of Ethylene, Catulytic, 989. 

lu Liquid Systems, Catalytic, 959-961. 
Hydrolysis, 440, 447, 44H, 572-577. 

(tf Atnidos, Velocity of, 929. 

( ntalytic, 925-929. 

Determination by Distribution, 359. 
of Dibaaic Acid Estera, 880, 881. 
at Enzyme Surfaces, 957-959. 
of Eaters. 879, 883. 884. 
of Fats, 969. 970. 

Hate of, and Constitution, 927, 928, 929. 
of Salta. 825-828. 

Velocity in Liquid-Liquid Byatems, 966- 
970. 



30 


SUBJECT IJ^PEX ‘ 


Hydrolytic Decompoiition by Membranes, 
289, 290. 

Hydroxyl Ion Catalysis, 914-917. 

Hystereeb, 1278. 

Hydr^Oxides, 437. 

I. 

Ice Calorimeter, 188-190. 
loe, Density of, 189, 190. 

Heat of Fusion of, 196. 

Polymorphic Modifications of, 380-382. 
Ideal Qas, Adiabatic Expansion of, 60, 61, 
62. 

Internal Energy of, 43, 44. 

Isothermal Expansion, 49, 60, 51, 52, 66. 
Laws, 69, 70, 71, 72. 

, Deviations from, 96. 

Effect of Molecular Attraction on, 102. 
Temperature Effect, 102. 

Volume Effect, 100, 101. 

Thermodynamic Criterion of, 46. . 

Ideal Melting Point, 388. 

Ideal Solutions, 231, 302. 

Imido-Esters, Hydrolysis of, 926. 
Incongruent Melting Point, 418. 

Indices,. Law of Rationality of, 148, 161. 
MUler. 149, 166. 

< Indicators, 835-842. 

Chart. 839. 

^ Clark and Lubs’ Series, 842. 

Functions, 837, 838. 

RAdio-Elements as, 1349, 1350. 

InduoUon. Photochemical. 1218, 1219, 1220. 
Infra Red, Absorption, by Crystals, 1268, 
1269. 

and Electronic Theory of Matter, 1268, 
1269. 

and Salt Catalysis, 1268. 

Temperature Effect, 1270. 
and Theories of Solution, 1268. 
Absorption Spectra, 1261-1269. 
and Reaction Velocity, 1272. 
of Nitrobeniene, 1264, 1265. 

Limits of, 1253, 1254. 

Measurement, Effect of Temperature on, 
1263. 

Radiation, as Aooderator of Reaction 
Velocity, 1273, 1274. 
in Chemical PrQoe8ae|,'4253-1275. 

Laws of Absorption, 1261-1263. 
Measurement of, 1255-1261. 

Measuring Instruments, 1256-1260. 
Methods of Analysis, 1255. 1256. 
and Reaction Velocity, 901-908. 
Reflectivity, 1256. 

Relation to Ultra Violet, 1266, 1267. 
Sources, 1284, 1255. 

Spectra and Chemical Constitution. 1264, 
1265. 1268. 

Spectrometer, Calibration, 1260, 1261. 
Inhibited Reactions. 923, 924. 


Inhibition, of Oxidation, 921. 921. 923v 924* 
of Photo-Decpmpoeition of Hydtaten' 
Peroxide. 1240, 1241. '' 

of Photo-Oxidations, 1241. 
of Photo-Reactions, 1240, 1241. 
integration Constant, and Nature of Con- 
densed Phase, 1136. 

in Systems Containing Vapors and Con- 
densed Phase, 1135, 1136. 
of Thermodynamic Equation, 1131, 1132. 
Interatomic D^tances in Cryst^, 169, 162, 
163. 

Intercepts, Law of Rationality of, 146. 
Interface Reactions, 933, 942-966, 981-983, 
992-1004. 

Interfaces, Reactions at Solid-Solid, 981-983. 
Interfacial Angles, Law of Constant, 148. 
Interfacial Tension, 1286. 

and Temperature, 1286. 

Internal Energy, 37, 38, 39. 

Changes, 179. 
of Ideal Gas, 43, 44. 

Internal Pressure, 1285. 

Intra-atomic Energy, Utilisation of, 1322, 
1323. 

Intrinsic Pressure of Liquids, 115, 141, 142, 
143. 145. 

Invereion Temperature, 48. 

Iodine, Coulometer, 472, 473. 

Rate of Reaction with Metals, 945, 946. 
Iodoform, Photo-Oxidation, 1246. 

Ionic, Activities, Individual, 789. 
Conductances, 790. 

Viscosity Correction for, 790. 
Equilibrium in Electrolytes, 665. 
Hydration, 551, 652, 566, 567. 
from Activity CoeflBcients, 777-779. 
and Transport Numbers, 551, 552. 
MobUities, 539, 641, 542, 643, 647, 562, 
653, 564. 

and Concentration, 758. 

Temperature Effect, 553. 

Mobility, Change with Dilution, 631, 537. 
Product cff Water from E. M. F. Data, 800. 
Strength, 767. 

Ionisation, by a-particles, 21, 1324. 
by /S-particles, 21, 1326. 

Complete, 509, 531, 632, 563-^7, 759. 
Constant, of Water, 638, 639, 6^2, 673, 886. 
and Dielectric Constant, 559. 
of Gases, 12, 13. 

Mechanism of, 20, 21. 
by Positive Rays, 21. 
and Reaction Velocity, 611. 

Thermal, 1192. ^ 

Total Specific, 1325. 
by X-rays, 15, 18, 21, 1006-1007. 

Ionising. Potential. 1088, 1092, 1102-1109, 
1110-1111. 

Power of Solvents, 584, 685. 

Ionium, 1336. 

Ions, Complex, 583. 
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Bkib in N%n-Aqu«ous Solutions, 590. 
IrMl^arbon Phase Relationships, 53, 54, 55, 

Ittefveteible, Cells, 703. 

Prooeeses in Thermodynamics, 53, 54, 55, 
56. 

Itodimorphism, 4. 

' Iso-Eleotric Point, 1318-1320. 

Isol^drio Principle of Arrhenius, 455-401. 
I^hydrio Solution, 570-572. 

Isolated Reactions, 866-876. 

Isomeric, Change, Velocity of, 871, 874, 878, 
912. 

Compounds, Infra Red Absorption by, 

1265. 

Isomerism and Phase Rule, 389. 
Isomorphism, 4, 166, 167, 1074-1076. 
Isopleth, 400, 411, 413, 427, 448. 

.Isosterism, 1074-1076. 

Isothermal, Expansion of Ideal Gas, 49, 50, 
51, 52, 56, 104. 

P-V Curves, 110, 111. 

Isotherms, Phase Rule, 354, 383. 

Isotonic Solutions, 259. 

Isotopes, 25, 26, 27, 28. 

Non-radioactive, 26, 27, 28. 

Properties of, 30. 

Radioactive, 1347. 

Separation of, by Thermal Diffusion, 77, 
78. 

Table of, 29. 

• 

J. 

Joule-Thomson, Coefficient, 45, 40, 47, 48’ 

100 . 

Effect, 103. 

Junction, Flowing, 788. 

K. 

Katharometer, 862, 863. 

Keto-Enol Tautoraerism, 880. 

Kinetic, Energy of Gases, 71. * 

Theory, 89-82. 

of Chemical Equilibrium, 293, 294. 
and Gaseous Diffusion, 934. 935, 936, 
of Osmq^ic Pressure, 277-281. 
Kirchhoff’s Law, 41, 192, 193, 709. 
Kohlrausch’s Law, 539-541. „ 

Kolowrat Table of Radon Decay. 1340. 1341. 
Ko^ Theory of the Atom, 1112, 1114. 
IbiPton Atom, 1127. 

L. 

Langmuir’s Theory of CaUlysed Gas 
Reaction. 985^89. 

Latent Heat, 195. 

Methods of Determining, 195-198. 
o( Evaporation, 118, 169. 
and Surface Tension, 126, 127. 


Latent Image, 1247-1251. 

Lattice. Calcite. 162. 

Constant, 159. 

Energy’ of Crystals. 225. 

Structure and Crystal Growth, 94|h 
Lattices. Cubic, 155-159. 160. 161. * 

Hexagonal, 161, 162. 

Various Crystals, 148, 150, 

Laue X-ray Photographs of Crystals, 151. 
Law of, Cailletet and Mathias, 401. 

Constant Heat Summation. 190, 192, 193. 
Cooling, Newton’s, 183. 

Dulong and Petit. 172, 173. 

Mass Action. 292. 

and Activity Concept. 299-303. 730. 
Applicability to Non-Aquoous Solutions, 
598. 

Applied to Electrolytes, Validity of, 528, 
529, 556-567. 

Deviations in Electrolytic Solutions, 
662-568. 

at Infinite Dilution, 561, 562. 

Hiul Inner Kejuilihrium of Electrolytic 
•Solutions, 775-779. 

Thermodynamic Proof, 296-299. 

Mobile Equilil)rium, vsn't Hoff’s, 360, 
351, 371. 

Partial Pressures, Dalton's, 104, 105, 234. 
Photochemical Al>«)ri)tion, 1206. 
Photochemical Equivalent. 1219-121L 
1214-1217, 1222, 1223. 1227, 1228. 123d. 
1231, 1233, 1271, 1356. 

Reflection, 1206. 

Straight Diameter, 401. 

Thermoneutrality, 218. 

Wicdcmaim-Frans, 489, 490. 

Laws of Dilute Solutions, 231-290. 

I„ea<l .Accumulator, 807, 808. 

I^ad, Desilvcrisation, 443. 

Le Chatelier-Braun Principle, 307, 377, 379, 
3t>5. 

Lcwis-Langinuir Theory of, Atoms, 31, 1058- 
1067. 

Valence, 1068-1076. 

Ufe of Excited Atoms, 1 1 10. 

Light. Absonitiou and Chemical Change, 
1206. 

Effect on Conductance, 487, 497, 499, 
Sensitivity of Silver Halides. 1230, 1231. 
Limiting Conductances, 626-632. 
Lind6-Hampson Process of Liquefaction, 48. 
Linderoaim’s Theory of Metallic Conduction, 
491. 492. 

Line Absorption Spectra, 1109-1111. 

Linkage in Carlion Comixmnds, Energy of, 
210-212. 

Liquefaetbn of Gases, 103. 
lincb-Hampson, 48. 

Liquid, Crystals, 132, 133, 175-177 376, 394„ 
395. 

and Molecular Orientation, 132, 1S3. 
Films and Molecular Orientation, 138-140. 
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Jiinctionfl in Cells, 781. 

Junction Potentials, 706, 782-784, 785-789. 
-Liquid Systems, Reaction Velocity, 966- 
970. 

Molecules, Sise of, 137, 138. 

Solutions, 2S4, 235. 

State of Aggregation, 107-146. 

Sulphur, Dynamic Equilibrium in, 386. 
Systems, Distribution between, 352-364. 
Liquids, Conductivity of Pure, 583, 684. 

Dry, 232. 

Specific Heats of. 146-146, 204, 205. 
Viscosity of, 143-145. 

Liquidus Curve, 427, 428. 

Lithium Atom, 1124. 

Lithium Ion, Transference Numbers from 
E. M. F. Data, 785. 

Lorens’s Theory of Electrolytic Conduction, 
566, 667. 

liOwering of Freesing Point, 241-243, 247, 
264-266. 

Luminescence from Radiation, 1352. 
Luminescent Effects of Radio-Salts, 1352, 
1353. 

Lyophile Colloids, 1313-1320. 

Diffusion, 1315, 1316. 

Osmotic Pressure, 1316. 

Lyophile Sols, 1303-1313. 

Characteristics of, 1313, 1314. 

Coagulation of, 1307-1313. 

Lyophobe Colloidal Solutions, 1303-1313. 
Lyophobe Sols, Colligativo Properties. 1304. 
Osmotic Pressure, 1304. 

Preparation of, 1304. 

StabiUty of, 1305. 

Lyotropic Properties, 1285. 

M. 

Mass Action Law, 292, 
and Activity, 299-30.3, 730. 

Failure for Strong Electrolytes, 656-668, 

730. 

Thermodynamic Deduction of, 296-299. 
Relation Applied to Acids, 823-824. 

Mass Spectrograph, 28. 

Maximum Work, 66, 67, 58, 69, 708, 
in Adiabatic Expansion of Gas, 57, 295. 
in Isothermal Expansion of Gas, 66. 
Maxwell’s Distribution I^w, 78-82. 

Mean Free Path, 87-01, 03, 101. 
in Liquids, 116. 

Mechanical Equivalent of Heat, 34, 36, 36. 
Mechanism of Reaction, 883-885. 

Melting, of Impure Substances, 411. 

Pdnt, Congruent, 420, 421. 

Ideal, 388. 

Inoongruent, 418. 

Natural, 388. 
of SoUds. 168, 160, 172. 

Melts, Velocity of Crystallisation from, 948- 
951. 


Membranes, Semi-permeable, 243, 251. 
Equilibrium, and Colloids, 1319, 

Donnans, Theory of, 283-290. 
and Osmotic Pressure, 287, 288. 
M^morphic State, 176-177. 

Meso-Thorium, 1344, 1345. 

Metallic Conduction, Drude’s Theory, 489, 
490. 

Lindemann’s Theory, 491, 492. 

Stark’s Theory, 490. 

Theory of, 48^93. 

Wien’s Theory, 491. 

Deposits, Nature of, 811. 

Electrodes, Reproducibility, 811. 

Ions as Catalysts, 917, 918. 

Metallographic Phase Studies, 432, 438. 
Metals, Abnormal Heat Capacity of, 1154, 
1194, 1195. 

Rate of Reaction with Iodine, 945, 946. 
Theory of Conductance, 488-493. 

Thermal Conductivity, 489. 

Motostable State, 369, 382, 385. 

Micelle, 1305, 1309. 

Microcanonical Ensemble, 1173. 
Microradiometer, 1256-1257. 

Migration of Ions. 542-544. 

Ratio from E. M. F. Measurements, 554. 
Ratio, Hittorf, 539, 642, 649, 654. 
Millikan’s Measurements of e m, 16, 17, 18, 
19. 

Milner’s Theory of Electrolytic Conduction, 
665-566. • 

Mix-Crystals and Isomorphism, 167. 

Mobility of Ions, 539, 541, 542. 543, 547, 552, 
553. 554. 

and Concentration, 531, 758. 

Temperature Effect, 553. 

Molecular Attraction, 107, 1284, 1285. 
in Gases, 93. 94. 

Law of Force of, 141-143. 

Molecular, DLameters, 94, 95. 

Forces, Magnitude of, 127. 

Range of, 124. 

Heat of Gases, 199-204. 

Motion and Diffusion, 940-942. 
Orientation, 130-140. 

and Catalysis, 957. 

Volume of Gas, 114, 115. 

Weights in Solution, 246-247. 

Molecules, Volume of Gas, 114, 115. 
Mol-Fraction, Concept of, 235, 236. 

Moll Galvanometer, 1258. 

Thermopile, 1258. 

Moment of Inertia of Diatomic Moletules, 

1191. ^ 

Monatomic Gases, Entropy of, 1181-1186. 
Heat Capacity of, 84. 

Monatomic Solids, Empirical Calculation of 
Entropy, 115^1158, 

Heat Capacity of, 1144. 

Monotropic Substances, 168. 

Monotropism, 390. 
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Moseley’s Law, 105M056. 1111, Ills. 
Moving Boundary Method of Transport 
Number Determination. 547-549. 

Multiple Proportions, Law of, 1. 

N. 

Nature of Chemical Bond, 1058-1061. 
Natural Melting Point, 3^. 

Negative Autocatalysis, 922. 

Catalysis, 921-925, 1240, 1241. 

Catalysts, 386. 

Neon Atom, 1125. 

Nernst, Approximation Formula for Equilib- 
rium, 1137, 1162-1164. 

Filament, Conductivity of, 497. 

Lamp for Infra Red, 1255. 

Heat Theorem, 1132, 1133-1137. 
-Lindemann Heat Capacity Equation, 
1150,1151. 

Osmotic Theory of E. M. F., 701, 804. 
Statement of Distribution Law, 346, 355, 
359, 360. 

-Thomsen Ionization Rule, 219, 220. 
Neutral Salt Action, 559, 914, 915, 929. 
on Color, 840, 841. 

Neutralization, Electrometric Measurement 
of. 830, 831, 854, 

End Points by Conductance, 854, 856-858. 
Heat of, 219, 220. 

I^wton's Law of Cooling, 1K3. 

Nrcotine- Water, 403. 

Nitrobenzene, Infra Red .Absorption Spec- 
trum, 1264, 1265. 

Nitric Oxide, Equilibrium in Formation of, 
324. 

Nitrogen Dioxide Di.ssociation, Equilibrium, 
325, 328. 

Molecule, Structure of, 1070, 1072. 
Pentoxide, Radiation Theory and Decom- 
position of, 1273. 

Tetroxide Dissociation. 325, 327, 32S. 
Nomenclature of Radio Elements. 1335. 
Non-aqueous Solutions, Conductance, 5S.3- 
603. 

Nature of, 597-600. 

Pressure Coefficient of Conductance, 591. 
Results <# Conductance Determinations, 
586-589. 

Solvation, 600. 

Temperature Coefficient of Conductance, 
589 591. 

••■transport Numbers, 600-602. 

Viscosity and Conductance, ,591-593. 
Non-conductors and Conductors. 4S6. 
Non-electrolytes, Influence on Conductance, 
535. 

Solubility of, 642-554. 

Non-metallic Ions as Catalysts, 917, 918. 
Noj'es-W'hitney Theory of .Solution. 943. 
Nuclear Theory of Atomic Structure, 22, 23, 

1052-1057. 


^"l3M Atomic. 24, 1052-1057, 

Nucleus. Instability of, 1321. 


O. 

Obach’s Relation for Dielwtric Constant, 
594. 595. 

Octaves, Newland’a Law of, 6. 

Octet Theory of Structure, 1068 1076. 

Ohm, Detinition, 469, 512. 

Ohm’s Law. 469, 611, 512. 

Oil P^ms, Proj)ortie8 of. 135-140. 

One ConqM)nent Systems, 375-393. 

Oppo.sing Reactions, 877-879. 

Optical Pnqwrties and Conducting Power, 
4Ktl. 

Rotation as Measure of Reaction Velocity, 
892, 893. 

Orbital .Arrangement in Atoms, 1115 1128. 
Order of a Reaction, 866, 883-885. 

Organic (V>inpound8, Crystal Hlruetvm* <tf, 
ItW. 166. 

Orientation, Effect on Ph>’8ical Properties, 
1.39-141. 

in Li<iuid Fihns, 1,33-140. 
of Molecules, 130 14t). 
and (Jatalysis, 957. 
at Liipiid Surfaces. 1294, 

Oscillator, Harmonic, 1146. 

Osmotic, Flow, Velocity of, 257, 

Pressure, 243 -245. 249 2.59. 269 277. 
and Activity ('rasfficients, 754- 756. 
Analogj' of Ciaseons and, 269 -'271. 
ami Roiling Point Rise*. 275-277. 
and Hrownian Motion, 1283, 1284. 
and Frts'zing Point I/owcring, 277. 
and Membrane P^iuilibrium, 2H7. 2HK, 
and Vapor Pressure, 271 -'274, 756. 
Herkeloy and Hartley's MetluHl, '255, 
256. 

Cell Teehniquc, 2.50, 251. 

E«iuution m Concentrated Solutions, 
274. 275. 

Kinetic Theories •>!, 277 281. 
of Lyophilc Colloids, 1316. 

Measurement (»f. '25‘2 2.53, 

Mechanism of, 281 2Ki. 

Morse and P'razer’s Meth«xl, 249 255. 
Nature of. 282. 28.3. 
of Phenol S<dutions, 255. 
of Sucrow*, Solutions, 254, 278, 279. 
Pfeffer’s Measurements, 244, 247-249. 
RclaUve, 267-269. 
de Vriea’ Method, 257. 

Hamburger's Method, 259. 

Tammann's Method, 259. 

Osmotic Theory of Electrode Processes, 804. 

of E. M. F.. Nernst 's. 701, 804. 

Ostwald’s Dilution Law, 611, 666, 6.56, 775, 
776. 

ModifiratioDs of, 557, 558, 559. 
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Ottwald'f Rule of Valency, 6^ 

' Overvoltage, 704, 807, 810-81* 

Meaeur^ent, 812, 813. ' 

of Hydrogen, 811-817. 
of Metals, 810. 

Theories of, 814-817. 

Oxidation, Acceleration of, 921, 922. 

Inhibition of. 921, 922, 923, 9^4. 
in Liquid Systems. Catalytic, 904, 908. 
Mechanism of Catalytic, 983, 984, 987- 
989. 

-Reduction, Determination by Conduc- 
tance, 854. 

Reactions, Potentiometric, Study of, 

882, 883. 

Oxides, Mechanism of Reduction, *983. 

Oxygen and Osone Molecule, Structui^e of, 

1009-1070. 

. Osone Decomposition, Catalytic, 1230. 
Photosensitisation of, 1232-1230. 
Photochemical Production of, 1212, 1213, 
1217, 1218. 

P. 

Palladium and Hydrogen, 437. 

Parkes’ Process, 443. 

Partial, Heat Capacity of Solute, 739. 

Molal Free Energy, 714, 715, 720. 
in Acid-Salt Mixtures, 723-724. 
and Concentration, 724-920. 

Molal Heat Content. 214-216, 714, 715. 
in Acid-Salt Mixtures, 723-724. 
from Calorimetric Data, 718-720. 
Relative, 720-720. 
from E. M. F. Data, 720. 

Molal Quantities, General Discussion, 715- 
718. 

Molal Specific Heats, 732. 

Pressures, Law of, 104, 105, 234. 

Particle Sise, in Colloidal Gold, 233. 
and Diffusion, 1284. 
and Solubility, 1289-1291. 
and Vapor Pressure, 1289, 1290. 

Passivity, 704, 819. 

Peltier Effect and Conductivity of Alloys, 
404. 

Perfect Gas, Fundamental Equation of, 36. 
Period of Radioactive Element, 1322. 
Periodic, Classification «hd Bohr Theory, 
1115-1130. 

Systran and Electrochemistry, 11. 
of Classification, 6, 7, S, 0. 

Applications of, 9. 

Defects of, 9, 30. 

Periodic Table, 7. 

PrameabUity to Ions, Selective, 287, 
Perpetual Motion, Impossibility of, 36, 37. 
Trartbtenoe of Motion in Gaseous Collisions, 
103,104. 

Pfeffer'e Osmotic Pressure Data, 244. 

Ps Values, 789, 828. 


Phase, Defifition cnr oiu. 

Point, 1147, 1109. 

Rule, 367-462. 

and Compouitd Fennation, 421, 423, 
424. 

and Critical Phenomena, 373. 

Derivation of, 374. 

Historical, 367, 368. 

Independent Variables, 372. 

^nd Isomerism, 369. 

Isotherms, 383, 384. 

and Racemic Compounds, 423, 424. 

Restrictions to, 372, 373. , 

Scope of, 368. 

and Solid Solutions, 424-430. 

Statement of, 368, 369. ' 

Space, 1147. 

Variations with Temperature, 382, 383. 
with Pressure, 383, 384. 

Phenol-Water, Phase Rule Study, 398-401. 
Phosphorescence of Calcium Sulphide, 499. 

from Radiation, 1352. 

Phosphorus, Monotropism in, 390. 
Photo-action and Spectral Range, 1121. 
Photochemical, Ab^rption Law, 1206. 

After Effects, 1246, 1247. 

Equivalent Law. 1030, 1031, 1033, 1040. 
1210, 1212, 1214, 1215, 1216, 1217, 1222, 
1223, 1227, 1228, 1230, 1231, 1233, 1271, 
1356. 

Processes, Energetics of, 1209-1231. 
and Radiochemical Effects, Relational, 
1355-1357. 

Reactions, Temperature Coefficient, 1241- 

1244. 

Stationary States, 1237-1239. 

Yield, Temperature Coefficient, 1244, 

1245. 

Photochemistry, 1205-1251. 
Photo-Chlorination, 1229. 
Photo-Decomposition of Ammonia, 1213, 
1217, 1218. 

Temperature Influence on, 1245. 
of Chlorine Monoxide, 1228. 
of Hydrogen Bromide, 1211-1216, 1218. 
of Hydrogen Iodide, 1213-1216, 1218. 
of Hydrogen Peroxide, 1240, 1241. 
Photosensitisation of, 1232. » 
of Potassium Permanganate, 1218. 
Photo-Depolymerisation of Dianthracene, 
1238. 

Photo-Electric Cdls, Use of, 1208, 1259, 
1260. . 
Effect, 1008-1010, 1049-1050. 
Photo-Equilibria ih Gas Reactions, 1239. 
Photo-Oridations, Inhibition of, 1241. 
of Iodoform, 1246. 

Photo-Polymerisation of Anthracene, 1211, 
1212, 1237, 1238. • 

Photo-Reactions, Inhibition of, 1240, 1241. 
Photo-Retardation, 1247. 
Photo^ensiUsation, 1231-1237. . 



SUBJECT INDEX 


35 


Pbo(o>^tt<ns, 1209. ' 

SSmiilBioQ Halides, Naturatof, 
1247, 1248. 

PlatN, SnoMtUataon Tor lofra Red, 1260. 
miotograpby of Infra Red Radiation. 1260. 
Photolyiis of Fotaasum Nitrate, 1217, 1218. 
pjMobhemicai Btodies, 802. 

PlaitiKdnti) 442, 443, 444, 445. 
Flanok-HendersoQ Formula for Liquid June- 
> Uik Potentials, 786. 

PleO^roio Haloes, 1858. , 

' jplethostatio Study of Binary Systems, 406, 
430. 

Pdsons, Catalyst, 947, 980. 

Pobtr Molecules, 130, 131. 133, 135. 
Pdiarixation, 471, 499, 500, 501, 514, 515, 
523, 524, 704, 807, 809, 810. 
Concentration, 807, 808. 

Phenomena, 806-822. 

Smite’ Theory. 817-818. 

Polymorphism, 168, 376, 380, 384, 389, 390. 
Positive, Ions, Charge on, 20, 21. 

Nucleus, Sue of, 22. 

Ray Analysis, Aston's Method, 28. 
Dempster’s Method, 27. 

Parabola Method. 26, 27. 

Ray Spectrograph, Aston’s, 28. 

Rays. 26, 27. 28. 

Ionisation by, 21. 
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